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Abstract 
Targeted delivery of an active ingredient to plant systems required extensive 
studies in areas of soil mobility, plant root adhesion and encapsulation. To accomplish 
the aims of mobility and adhesion to roots, specific surface charges and colloidal forces 
are required. These charges are required to provide sufficient repulsive forces 
preventing adhesion to soil and attractive forces allowing adhesion to roots. To 
accomplish the aims of synthesising colloids for mobility, adhesion and also 
encapsulation we formed a specific strategy. We aimed to increase the anionic surface 
charge on colloidal nanoparticles as a means to aid mobility studies of colloids through 
soil by providing increased repulsive forces to prevent adhesion to both air interfaces 
and soil. We also designed a way to decorate colloidal nanoparticles with microgel 
particles thus forming a soft adhesive surface layer with which further functionality 
could be incorporated i.e. surface charges. Finally we designed a simple methodology 
for the encapsulation of oil with post functionalisation in mind. 
We synthesised colloidal nanoparticles, less than 200 nm, using soap-free 
emulsion polymerisation of styrene where up to 50 wt% of protected ethyl styrene 
sulphonate monomer was incorporated. The nanoparticles were hydrolysed to release 
the sulphonic charge using thermolysis in an autoclave. Soap-free emulsion 
polymerisation was used to synthesise raspberry-like and core-shell morphology 
decorated nanoparticles by the adhesion of crosslinked nanogel particles to a range of 
hydrophobic and hydrophilic seeds. Poly(acrylic) and poly(styrenic) seeds were 
synthesised with a range of hydrophobicities whereby more decoration of nanogel 
particles was achieved for hydrophilic seeds. The nanogel decoration was studied using 
di-, tri- and multi-functional acrylates and the morphologies changed from raspberry-
like to core-shell as the functionality of the crosslinker increased. The presence of Vinyl 
  xix 
functional groups was proved using Raman microscopy. Post functionalisation with 
different thiols was carried out using nucleophilic thiol-Michael addition chemistry and 
a loss of vinyl groups was shown. Encapsulation of aromatic oil was carried out using 
an interfacial thiol-Michael addition reaction between a tetra- functional thiol and a 
penta-/hexa- functional ene using an amine nucleophilic catalyst. A microfluidic device 
was used to control the capsule sizes and dispersity and light microscopy was used to 
study capsule sizes and dry-down properties. No rupture was observed for the 
millimetre and microcapsules produced but unfortunately size scale-down could not be 
accomplished for the current system using high shear homogenisation.  
In conclusion we increased the loading of sulphonate charge for colloidal 
poly(styrene) nanoparticles and we successfully increased the surface area of styrenic 
and acrylic seed nanoparticles using nanogel particle adhesion. We post functionalised 
decorated nanoparticles using thiol-Michael addition reactions and synthesised capsules 
using thiol-Michael addition reactions confined in a microfluidic device. 
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Chapter 1 - Introduction 
1.1. Abstract 
In this chapter we discuss how plant systems function and the uptake of water. 
We also discuss soil and colloid mobility through soil media and the mechanisms for 
both colloid transport and retention. We discuss the synthesis of lyophobic colloidal 
particles via emulsion polymerisation and discuss the theory on particle formation, 
surface charge and colloidal stability. Finally we report the outlook and aims of the 
thesis. 
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1.2. Introduction to plants, soil, colloid mobility, water 
uptake and pesticides 
Plant growth is controlled by environmental factors including the plants genetic 
make-up (this affects the growth and insect/pest resistance), moisture content or soil 
aeration (rainfall), sunlight intensity and duration, atmosphere conditions (humidity), 
soil composition (relative content of silica, silt and clay) and the mineral content 
(presence of metals, clays, nitrogen etc).1-3 The use of artificial systems e.g. 
greenhouses and controlled water delivery systems can help reduce the variability in 
environmental factors. 
A major problem for agriculture is the protection of crops against biotic 
creatures (insects, bugs, and weeds) that involves the use of insecticides, herbicides and 
pesticides. However, due to the toxicity of these additives being able to prevent waste 
contamination and leaching is an important aim. Strict rules control which products can 
be delivered to plant systems to prevent groundwater contamination. 
Targeted delivery of protective additives to plants is a very crucial aim and most 
model systems used to predict uptake by plants are unreliable due to the great variability 
between actual and model systems. Soil chemistry is so complex that modelling colloid 
mobility through soil faces many issues. The ability to deliver insecticides, pesticides or 
herbicides (often called active ingredients, AIs) relies on three components: colloid 
mobilisation and transport through the soil phase, selective adhesion to roots systems 
for targeted release or protective root coatings and encapsulation of the AI to provide 
delivery to the target. Many factors need to be considered in order to approach solve 
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these three components and firstly a more detailed discussion on plants and soil 
subsystems is presented. 
1.2.1. Plant structure 
Plants are split into two zones, the shoot system and the root system (or 
rhizosphere when the soil surrounding the roots is factored). Plant structure is shown in 
Figure 1.1-A.).1-4 Targeted delivery requires special attention to be made to the roots 
system which is where an active ingredient will be taken up.  
 
Figure 1.1. Image showing A) the highlighted structure of a plant and root system for a typical plant, B) 
the highlighted sections of a root [A) reproduced from reference 1 with some modifications, B) was 
reproduced from reference 2]. 
1.2.2. Root structure 
The roots of plants typically serve three main functions. Anchorage of the plant, 
storage of photosynthesis products i.e. glucose, and uptake of water and nutrients from 
the soil.4 The primary root is typically split into a number of different sections (see 
Figure 1.1-B.).1-5 At the very tip is the root cap or meristem. This rigid cellular 
structure pushes the primary root through the soil allowing the roots to grow deeper. 
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The zone of elongation is where new cells are produced providing the root with an 
increasing length by pushing the root cap further into the soil. Lastly is the zone of 
differentiation or zone of maturation. This is the most interesting zone for targeted 
delivery as this region contains the root hairs of the plant. The root hairs are responsible 
for the uptake of water and nutrients to the plant and therefore influence the pathway 
that capsules or particles would take through the soil. The root hairs contain a very large 
surface area that increases the effectiveness for water uptake by absorption. The growth 
of maize plants (studied by our sponsor) was studied by both Kramer and Boyer5 and 
Varner and Canny,6 and they reported that root hairs have the highest density and 
greatest length at 30-60 cm from the root tip. Root surfaces are composed of complex 
carbohydrates such as cellulose, hemicelluloses and pectin and therefore contain many 
carbonyl and hydroxyl surface groups. Cellulose is a polysaccharide consisting of 
repeating units of β-(1-4)-D-glucose (structure of cellulose is shown in Figure 1.2.)7.  
 
Figure 1.2. Structure of cellulose. 
Hemicellulose is a mixture of xyloglucans, xilans, mannans and glucomannans 
and pectin consists of nearly 60% homogalacturonan (structures are reported in 
reference 7). The anionic nature of the surface of roots means that cationic particles will 
bind very strongly to cell walls due to electrostatic interactions. Schaffner et al reported 
the adhesion of cationic particles to cellulose and showed that anionic latex particles 
surrounded by cationic surfactants can adhere to cellulose due to charge reversal (charge 
reversal is shown in Figure 1.3.).8 Charge reversals can also occur from adsorption of 
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cations in the soil. Cellulose has also been shown to bind or complex with alkali metals 
and heavy metal complexes as reported by Öztürk et al.9 
 
Figure 1.3. Charge reversal of anionic colloids by adsorption of cationic surfactants or cations.  
1.2.3. Soil composition 
Transport of colloids or capsules to the roots requires mobility through the 
porous soil medium Understanding what adheres or sticks to soil is vital in order to 
make colloids mobile. Soil composition is typically 25% air, 25% water, 5% organic 
matter and 45% minerals.10 Composition will alter depending on the exact location and 
soil type e.g. loams or clay soil. The mineral compounds typically consist of silicates 
including sand, silt, and clay and the dimensions of these are 2-0.05 mm, 0.05-0.002 
mm and <0.002 mm respectively.10 Clays are also found as alumino-silicates e.g. 
kaolinite, mica, illite where the surface contains both oxygen and hydroxyl groups 
(similar to the root hair composition). Silica can exist with both anionic or cationic 
charges depending on soil acidity and surface heterogeneities as reported by Ryan and 
Elimelech.11 The silica colloids in soil are often termed collector sites and are one of the 
main sources of adhesion for colloidal particles depending on the collector and particle 
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roughness as well as the surface charge of the particles and collector sites. The other 
source of adhesion is the air-water interface (AWI’s) as discussed in Section 1.2.4.2. 
Many electrolytes are present in soil such as metal ions and organic matter e.g. humic 
substances including humic acids and fulvic acids (structure of a typical humic acid 
reported by Stevenson is shown in Figure 1.4.).12 Pesticides have been reported to bind 
with humic acids13-14 and these acids control the ionic strength and pH of the soil. The 
electrolytes can have a drastic influence on the double layer forces of the colloidal 
particles. Electrolytes can also adhere to the surface of particles as reported by 
McCarthy et al and Pelley et al which can provide additional steric and charge 
stabilisation.14-15 The valence number of metals in the soil can severely influence the 
double layer forces around particles and a greater valency leads to greater double layer 
compression thereby influencing the stability of colloids towards aggregation (this is 
shown in Figure 1.5.).16 This is related to the critical coagulation concentration (ccc) as 
expressed by the Schulze-Hardy rule which states that the ccc is related to the inverse 
sixth power law of counter ion charge e.g. the ccc ratio for metal valency 1:2:3 is 
1000:16:1.3 (as predicted by the DLVO theory discussed in Section 1.4.1.).17-18 So a 
thousand times more concentration of Na+ would be needed to compress a double layer 
the same amount as Ag3+. 
1.2.4. Colloid mobility through soil or porous media 
Reporting mobility of colloids through porous media is extensively difficult due 
to the variability in natural conditions. Such conditions include pH of the water (affects 
colloid aggregation), surface roughness of particles and collector sites, soil porosity and 
pore size distribution (discussed in Section 1.4.2.3.) and the water content or influence 
of AWI’s. 
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Figure 1.4. Structure of a typical humic acid [reported by Stevenson from reference 12]. 
 
Figure 1.5. Graph showing the critical coagulation concentration for different Stern potentials using 
different valency counterions, z. Curves shown using values of A = 10-19 J, ε/εo = 78.5 and T = 298 K 
[Reproduced from Shaw from reference 16]. 
Most model systems for studying particle mobility are carried out using 
idealised planar and curved surfaces as model collector sites and particles respectively. 
In nature surface heterogeneities exist on collector sites and therefore the adhesion or 
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repulsion of particles will be more complex. Reviews by both Ryan and Elimelech11 and 
Sen and Khilar19 have discussed the mobility of naturally occurring colloids through 
soil and discussed the methods to cause mobilisation. Mobilisation is affected by ionic 
strength and shear forces, adhesion and double layer forces (based on the DLVO 
theory), entrapment and straining of particles in pores by size exclusion, multi-particle 
bridging and surface deposition and the adhesion of organic mater to colloids (such as 
humic acid adhesion to particles). Ryan and Elimelech also discussed the different 
results between both experimental work and theoretical work.  
1.2.4.1. Colloidal surface charge 
Many authors have studied the mobility of synthetic latex particles through soil 
systems as well as model soil systems where typically the soil is represented by glass, 
silica or quartz beads of different diameters. 
Studies by Grolimund et al, Bradford et al and Mishurov et al have shown that 
anionic carboxylate particles possess soil mobility.11,20-24 Bradford et al discussed that 
colloid retention of hydrophobic carboxyl particles by straining is important when larger 
particle sizes ( > 3 µm) and smaller soil grain sizes.21 McDowell-Boyer et al and Pelley 
et al reported the mobility of anionic sulphate particles through soil.25,15 Pelley et al 
reported that of 3 different particle sizes (50, 110 and 1500 nm) the attachment 
efficiency with quartz sand increased with particle size due to an increased secondary 
energy well.15 However, cationic amine and amidine colloids have been reported to bind 
with the silicates or anionic collector sites present in the soil (when the silica is anionic) 
as reported by Grolimund et al and Elimelech et al.20,26 The cause of the adhesion of 
cationic particles is coulombic attraction to anionic surfaces and the presence of 
attractive double layers.20,26-27 Elimelech et al reported that at low ionic strength the 
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adhesion was far greater than at high ionic strength due to the thickness of the double 
layers.26-27 Typically anionic particles show greater soil mobility in saturated water 
conditions where anionic colloids and soil both provide repulsive forces. The adhesion 
for anionic particles in soil is usually dependant on either size dependency (straining) or 
from the adhesion to an air-water interface.  
1.2.4.2. The air-water Interface presence in soils 
The presence of air in soil can have drastic influences on the mobility of 
particles through soil. Typically three scenarios exist which depend on the relative 
amount of air present: saturated, semi-saturated or unsaturated. These terms represent 
damp soil due to heavy rain, semi damp soil due to moderate rain with regions of drying 
and dry soil. The presence of air in soil systems leads to the formation of an AWI. 
DeNovio published an article reviewing the deposition and mobilisation of colloids 
under unsaturated soil conditions (deposition mechanisms are shown in Figure 1.6.).28 
Studies by Wan and Wilson,29 Sharma et al,30 Crist et al31 and Sirivithayapakorn et al32 
have all shown that great attractive force drive particles to adhere to the AWI’s reducing 
the release rates of colloids. Wan and Wilson reported that adhesion to an AWI can be 
considered irreversible due to strong capillary forces as well as non DLVO theory 
forces i.e. hydrophobic attraction and can be only be removed using high shearing 
forces.29 This concept was further proved using modelling of particle adhesion to AWI’s 
reported by Corapcioglu and Choi.33 Adhesion of colloids to the AWI is dependent on 
the surface forces as discussed by Israelachvili.34 These forces include van der Waals, 
electrostatic and solvation forces (discussed in Section 1.4.). The adhesion of colloids to 
an AWI is comparable to the theory of Pickering stabilisation only in this case the 
adhesion is between particles and air-water interface rather than a water-oil interface. 
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The colloidal particles will preferentially absorb onto the interface to reduce the total 
free energy of the system. 
Sharma et al reported that moving AWI’s can detach particles from collector 
sites (or surfaces), a moving liquid-gas interface was passed over a glass surface 
deposited with latex particles where the colloids preferentially adhered to the AWI.30 
Sharma et al also studied the effects of both surface charge and hydrophobicity on the 
adhesion to the AWI or removal from a collector surface. They reported that 
hydrophobic amidine and sulphate colloids adhered to the AWI 10 times more strongly 
than hydrophilic carboxylate and amino colloids. This adhesion effect was due to long-
range hydrophobic interactions and this was in agreement with the results shown by 
Wan and Wilson.29 However, the detachment of hydrophobic colloids showed little 
dependence on surface charge due to strong hydrophobic attractions whereas 
hydrophilic colloids (anionic carboxylate) were detached from the surface more 
efficiently than cationic (amino) particles. Their results were in agreement with the 
calculated DLVO theory calculations. Sharma et al and Dai et al also reported that 
slower AWI velocities allowed more particles to detach from solid surfaces and onto the 
AWI’s.30,35 Crist et al31 and Wan and Tokunaga36 reported that anionic colloids will not 
adhere to AWI’s but cationic colloids do stick.  
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Figure 1.6. Four methods of colloid deposition. From left to right, attachment of particles to soil collector 
sites, attachment of particles to the air-water interface, straining of particles in narrow pores and 
attachment via film straining [Reproduced and adapted from DeNovio reference 28]. 
The adhesion of colloids to AWI’s can allow the colloids to move with the 
infiltration front as reported by Sharma et al and Sirivithayapakorn et al.30,32 
Sirivithayapakorn et al reported that once the AWI dissolves that the colloidal latex 
particles cluster together and will move through the soil as aggregated clusters (shown 
in Figure 1.7.).32 Crist et al31 and Sirivithayapakorn et al32 both reported that these 
colloidal clusters can block pores or adhere to collector sites and AWI’s further down in 
the soil (Figure 1.7.). Hydrophobic colloids adhered to an AWI or collector site often 
cause further adhesion of subsequent hydrophobic colloids thus increasing the colloid 
retention. Mishurov et al reported that colloids of 0.02 µm adhere more strongly to an 
AWI than larger 0.2 µm and 1 µm colloids due to the increased surface area,24 this 
effect was also reported by Zhuang et al for the adhesion of amphiphilic colloids.37  
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Figure 1.7. Representation of the adhesion of particles to an air-water interface followed by the 
dissolution of the air. The clusters formed can block pores throughout the soil. 
1.2.4.3. Size of colloidal particles and soil porosity 
Studies by Bradford et al reported that large 3 µm anionic carboxylate colloids 
passing through a glass bead and sand column are retained to a greater degree than 
smaller 0.45-1 µm colloids.21-23 This retention difference is caused by smaller colloids 
passing through the pores thus causing colloid attachment to be the more important 
mechanism for retention.21-23 Studies by Harvey et al have shown that colloids of 
approximately 1 µm were 1.25 times more mobile that particles smaller in size.38 This is 
related to the pore size distribution of the soil where small colloids pass through to the 
groundwater and large colloids can become blocked in pores (straining). Large particles 
can also “cake” above the porous media restricting the ability of other colloids to be 
transported as reported by Ouyang et al and Torkzaban et al.39-40 This mobility based on 
size heavily depends on many factors that cannot always be controlled. Large tunnels 
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caused by worms can lead to very fast throughput of colloids.40 The porosity and pore 
sizes are controlled by the soil type and whether the soil is course or fine textured will 
have a large effect on which particle sizes can become entrapped.40 However, in 
opposition to this theory Elimelech and O’Melia showed that particle size has less effect 
on their mobility.41-42 Pelley et al reported that a larger retention was observed for 1.5 
µm sulphate particles when compared to smaller 0.5 µm colloids.15 DeNovio et al also 
reviewed the transport of colloid sized particles and the relationship with the soil 
structure.28 Mishurov et al,24 Zhuang et al37 and Zvikelsky et al43 all reported that ~200 
nm anionic colloids colloids were the most mobile in an anionic column. 
1.2.5. Water absorption by plant roots 
As we discussed earlier the bulk of water in plant systems is taken up by the root 
hairs.1-5 Water is absorbed by the osmotic pressure difference between the roots and the 
soil. A model by Roose et al studied the hydraulic pressure gradients between the inside 
of the roots and between the roots and soil to determine how the root length and 
diameters affect the water uptake.44 They reported that greater numbers of roots absorb 
more water and thicker roots have a greater hydraulic pressure.44 Roose et al also 
discussed that due to the uptake of water into the plant system, many areas of the soil 
remain dry which can severely affect the mobility of colloids by absorption to AWI’s. 
This model was applied to primary and secondary root systems but the possibility of 
scaling up to provide water profiles more progressed root systems does exist. Due to 
this driving force for absorbing water being able to tailor particles or capsules to pass 
through the soil to the section of water absorption maxima would allow them to be 
pulled towards the roots system.  
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1.2.6. Delivery of pesticides to plants 
As well as finding a solution for moving colloids through soil followed by 
adhesion to root hairs We are also interested in encapsulating a solid AI compound 
called abamectin (Agri-Mek, Avid and Zephyr are trade names) which is a mixture of 
80% avermectin B1a and 20% avermectin B1b (avermectin is a 16 membered 
macrocyclic lactone as shown in Figure 1.8.).45-46  
 
Figure 1.8. Stucture of avermectin B1a and B1b. 
Abamectin is used to target mites and insects which can cause damage to crops. 
Abamectin is solid and immobile in soil and therefore is dissolved in a solvent called 
solvesso 200ND.47 Solvesso 200ND is purchased from ExxonMobil and comprises of a 
mixture of heavy aromatic hydrocarbons (C9-C13, also called heavy aromatic naphtha 
solvent) and <1% naphthalene. Examples of the main chemicals found in solvesso 
200ND are shown in Figure 1.9..48 Due to the toxicity toward aquatic organisms 
solvesso needs to be encapsulated into a capsule or carrier particle to reduce or prevent 
leeching into the groundwater. However, thermodynamics will typically cause release of 
the solvent from capsules due to the relative volatility of solvesso and permeability of 
capsule walls. Release of oil from capsules is typically prevented by a less porous wall 
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structure as well as greater wall thickness and this maintains the internal pressure of the 
liquid droplets (further discussed in Chapter 4). This internal Laplace pressure 
increases as the dimensions of capsule decrease (Laplace pressure measures the pressure 
difference between internal and external mediums). A capsule wall with low porosity 
reduces the amount of solvent that will be lost via diffusion. Typically the oil is 
encapsulated using interfacial polymerization techniques such as poly(urethane) and 
poly(urea) combined with the solvent evaporation technique (references and discussion 
located in Chapter 4). 
 
Figure 1.9. Structures of the major composition of solvesso 200ND, A) 1,2,4-tri-methyl benzene, B) 
1,3,5- tri-methyl benzene, C) 1,2,4,5-tetra-methyl benzene, D) 1,2-ethyl toluene, E) 1,4-ethyl toluene, F) 
1,3-ethyl toluene, G) biphenyl, H) naphthalene, I) 1-methyl naphthalene.48 
1.3. Synthesis of colloidal particles 
1.3.1. Lyophobic colloids 
Fitch described a colloid as “a dispersion of fine particles suspended in a fluid 
medium”.49 Colloidal particles are typically in the order of 1-1000 nm in diameter. 
Colloidal particles can be either lyophilic or lyophobic depending on whether the 
interaction with the solvent is thermodynamically favourable or not. Lyophilic colloids 
form spontaneously and are thermodynamically stable whereas lyophobic colloids are 
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thermodynamically unstable and seek to aggregate to the lower surface area. Lyophobic 
colloids are “solvent hating” and aggregation (or flocculation) of the colloids will occur 
unless sufficient repulsive forces exist to maintain colloidal stability (Colloid 
stabilisation discussed in Section 1.4.). Typically lyophobic polymer colloids are 
synthesised using heterogeneous polymerisation techniques including emulsion, mini-
emulsion, suspension, precipitation and dispersion polymerisation. Arshady analysed 
these techniques and their differences (excluding mini-emulsion) and discussed the 
particle sizes (shown in Figure 1.10.) from using either droplet nucleation techniques or 
nucleation and growth techniques.50 Mini-emulsion polymerisation is reviewed in 
“Colloids and Colloid Assemblies” by Caruso.51 Suspension, emulsion and precipitation 
polymerisation are discussed in “Polymer Science and Technology” by Ebewele.52 Each 
book review provides an overview on the mechanism for particle formation and many 
examples of their industrial uses and applications. Due to the size range of our aims we 
are primarily interested in emulsion polymerisation and more specifically soap-free 
emulsion polymerisation. 
 
Figure 1.10. Colloidal particle sizes from both droplet nucleation and monomer conversion 
heterogeneous techniques [Reproduced from reference 50]. 
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1.3.2. Emulsion polymerisation 
Multiple authors have studied emulsion polymerisation since it was first used 
during World War 2 in the 1940s, but more recently Fitch provided an in-depth review 
on emulsion polymerisation in the book “Polymer Colloids”.49 Chern has also reviewed 
emulsion polymerisation in papers and a book called “Principles and Applications of 
Emulsion Polymerisation”.53-54 These books discuss emulsion polymerisation including 
theories and mechanisms for particle nucleation, particle growth, kinetics and potential 
applications of the technique. Emulsion polymerisation typically consists of three stages 
as reported in the 1940s by Harkins55-56 and Smith and Ewart.57 Stage 1. The number of 
particles increases and rate increases until all surfactant is adsorbed onto particles (2-
15% conversion). Stage 2. Particle number and polymerisation rate remain constant,  
Stage 3. All monomer droplets in the continuous phase have been consumed and 
monomer is only present inside particles ([M] decreases and therefore the rate 
decreases). This theory is applicable for monomers with low water solubility and the 
presence of micelles where the presence of micelles causes particle formation to occur 
via micellar nucleation.49,53-57 However, there is a greater interest for soap-free emulsion 
polymerisation to reduce the effects of surfactants in colloid synthesis. Surfactants are 
difficult to remove from the surface of particles and when the surfactant is removed 
often a decrease in colloidal stability occurs. 
1.3.3. Soap-free emulsion polymerisation 
1.3.3.1. Primary Particle formation 
Homogeneous nucleation of polymer particles was proposed by Priest,58 Roe,59 
Fitch and Tsai49 and later adapted by Hansen and Ugelstad.60-61 They discussed primary 
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particle formation occurring by the collapse and precipitation of surface active 
oligoradicals when a critical chain length is reached (jcr). The primary particle contains 
an initiator fragment at the surface that is a polar hydrophilic group (dependant on the 
choice of initiator e.g. sulphate, peroxides, azo). Initiation and polymerisation is 
demonstrated for styrene using initiator potassium persulphate in Figure 1.11-A and 
Figure 1.11-B respectively where the primary particles grow by a combination of 
polymerisation and coagulative nucleation mechanisms (discussed in Section 1.3.3.2. 
and shown in Figure 1.11-C to Figure 1.11-E.). 
1.3.3.2. Colloidal surface charge  
Without the presence of micelles to provide colloidal stability (through 
electrostatic and steric stabilisation) primary particles produced using homogeneous 
nucleation require sufficient repulsive forces to be colloidally stable. Surface charge and 
therefore stability is gained by either adsorption of oligoradicals onto the particle 
surface (Figure 1.11-D) or by coagulative nucleation as reported by Lichti et al62 and 
Feeney et al (Figure 1.11-E.).63-64 Coagulative nucleation is where two primary 
particles coagulate into one particle with higher surface charge (the particle remains 
spherical due to the interfacial tension reducing the overall surface area) as shown in 
Figure 1.11-E. The shape of the particles produced via coagulative nucleation is 
affected by the addition of crosslinkers that can inhibit the ability to morph into 
spherical shaped particles. When coagulative nucleation occurs in soap-free emulsion 
polymerisation there are no micelles for nucleation to occur in so nucleation occurs in 
the aqueous phase. Micelles absorb different amounts of monomer and give broader 
dispersities whereas soap-free emulsion polymerisation generates low dispersities unless 
high amounts of water-soluble comonomers are added (discussed in more detail for the 
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polymerisation of styrene with sodium 4-vinylbenzenesulphonate in Section 2.2.2.1. in 
Chapter 2). 
Generally particles produced via soap-free emulsion polymerisation can be 
tailored by a range of factors49,53 These factors include the initiator type (cationic, 
anionic and neutral surface groups), initiator concentration (number of surface 
functional groups and number of particles), the monomer (hydrophobicity and glass 
transition temperature, Tg), reaction temperature (rate) and the addition of comonomers 
(additional surface charges or steric stabilisation and particle size). 
 
 
Figure 1.11. Scheme demonstrating the initiation and polymerisation of styrene using potassium 
persulphate initiator. A) Initiation of potassium persulphate and addition of one monomer unit, B) 
propagation of the initiating radical using more styrene, C) formation of a primary particle from 
propagating radial, D) adsorption of surface oligoradicals onto a polymer particle, E) coagulative 
stabilisation of surface charge [Figures C-E are reproduced and adapted from reference 49]. 
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1.4. Colloid stabilisation 
Typically the stabilisation of colloids is discussed by three main interactions: 
DLVO theory interactions (van der Waals and electrostatic double layer forces), the non 
DLVO theory interactions (hydration and hydrophobic forces) and steric interactions. 
Numerous book reviews provide in-depth theoretical background for these stabilisation 
mechanisms with specific references detailing their uses.17,52,53,65-66 
1.4.1. DLVO theory interactions 
The total interfacial interaction energy between particle-particle and particle-
collector is generally calculated using the “DLVO” theory. DLVO theory studies the 
balance between the van der Walls interactions and electrostatic double layer repulsion. 
1.4.1.1. Van der Waals interactions 
Van der Waals interactions are the interactions of all atoms in a body and can be 
present between atoms, molecules and various surfaces with different geometries.67 Van 
der Waals interactions can be attractive or repulsive depending on the specific medium 
which is related to the dielectric constant (as discussed by both Hamaker68 and 
Derjaguin69-70). Van der Waals interactions are the sum of the Keesom (orientation), 
Debye (induction) and the London (dispersion) forces as caused by the interaction 
between two permanent dipoles, permanent and induced dipoles and two 
instantaneously induced dipoles respectively. The interaction energies between atoms 
and molecules vary to the power r-6. Hamaker developed further extension of the theory 
of Van der Waals-London dispersion interactions for macroscopic objects68 including 
sphere-sphere and sphere-wall interactions. Hamaker showed that additive collection of 
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each dispersion forces leads to longer range interactions than shown previously by 
London where the interaction energies scale to the power –A/6D (-Ar/12x) for sphere-
sphere interactions. The model proposed by Hamaker has also been applied to other 
geometries of interacting objects. Israelachvilis’ book “Intermolecular and Surface 
Forces” provides an overview of the equations for calculating the van der Waals 
interaction force for a multitude of different surfaces such as sphere-sphere, sphere-flat, 
flat-flat etc.34 The pair potential for a typical van der Waals interaction is shown later in 
Figure 1.13., in Section 1.4.1.3.. 
1.4.1.2. Electric double layer interactions 
For soap-free emulsion polymerisation we discussed that particle formation via 
homogeneous nucleation, adsorption of polyelectrolytes and coagulative nucleation 
leads to charged surface groups. Due to the requirement for electroneutrality a bound 
layer of adsorbed ions of opposite charge will absorb to the particle surface. The bound 
layer of ions was first studied first by Helmholtz who modelled the electric double layer 
mathematically as a simple capacitor.49 The theory of the diffuse layer of ions was first 
studied in 1910 by Gouy71 and later in 1913 by Chapman72. They reported that the 
electric potential decreases exponentially as a function of distance from the surface and 
introduced a “diffuse layer” of ions that are not physically adsorbed to the surface and 
can move freely. Later Stern (1924) combined the two theories of Helmholtz and Gouy-
Chapman and added the “Stern layer” (depicted in Figure 1.12.) which is located a 
hydrated ion radius from the particle surface.73 This double layer model proposed by 
Stern was later reviewed by Grahame who introduced the outer and inner Helmholtz 
planes.74 The inner Helmholtz plane is where dehydrated surface ions are located and 
the outer Helmholtz plane is the same as the Stern plane.74 Lyklema75 and Van der 
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Hoeven et al76 studied the applicability of electric double layer repulsion for colloidal 
particles in non-aqueous media. They reported that low polarity solvents increase the 
Debye length thus reducing the electrostatic repulsive forces and stability. A typical 
electric double layer pair potential is shown in Figure 1.13. in Section 1.4.1.3.. 
 
Figure 1.12. Schematic of the double layer for a negatively charged surface according to Stern’s theory 
[Reproduced from reference 16].  
1.4.1.3. Attractive and repulsive interactions – DLVO theory 
These longer range van der Waals forces introduced by Hamaker and de 
Boer,68,77 led to further work by Derjaguin,69-70 Derjaguin and Landau,78 and 
independently by Verwey and Overbeek79-80 (hence “DLVO”).17,49,53,65-66,80-81 The 
particles experience electrostatic repulsion at longer distances than they experience 
attractive forces which gives rise to a repulsive energy barrier (Vmax, shown in Figure 
1.13.). The summation of both attractive and repulsive interactions leads to a total 
interaction energy, VT, pair potential between two particles as a function of distance, H 
(a schematic is shown in Figure 1.13.). Typically this interaction energy potential 
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differs for each system where can be repulsive barrier height, primary minimum depth 
and the presence of a secondary minimum. The repulsive barrier height is affected by 
surface charge concentration, salt concentration, valency of salt and temperature. The 
primary minimum depth is assumed irreversible and is when the system coagulates and 
the existence of a secondary minimum is where flocculation occurs. Not all systems 
show the presence of a secondary minimum. Overbeek reported the assumption that an 
energy barrier of kT ≥10 is enough to prevent collisions82 and lower repulsive energy 
barriers can cause both slow and fast coagulation depending on the relative height. 
Finally at very small interparticle distances (<10 nm) a strong repulsive force called 
Born repulsion is experienced caused from electron cloud overlap between aggregated 
particles. 
 
Figure 1.13. Representing the total interaction free energy, VT, between two charged spheres as a 
function of separation distance, H. VT is the addition of both repulsive (VR) and attractive (VA) pair 
potentials [Reproduced from reference 49]. 
In order to maintain colloidal stability a sufficiently large repulsive energy 
barrier is required. We discussed earlier that ion valency controls the ccc value for 
coagulation of the system and the repulsive energy barrier is heavily dependant on the 
ionic strength, I, of the media due the changes in the Debye length, 1/κ (the thickness of 
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the double layer). Israelachvili proposed a simplified equation for 1:1, 2:1/1:2 and 2:2 
electrolytes at 25 oC (Equations 1.1.) where the energy barrier depends on the inverse 
square root of I.34 The Debye length decrease from 30.4 nm to 0.96 nm changing from a 
1x10-4 M to 1x10-1 M NaCl solution and decreases in Debye length often lead to 
coagulation of the system.  An example of the interaction energy of separation between 
two charged particles as a function of electrolyte strength81 is shown in Figure 1.14.. 
𝜿−𝟏 =  (
𝜺𝒐𝜺𝒌𝑻
𝟐𝝆∞𝒆𝟐
)
𝟏
𝟐
 and for e = 1 (monovalent ion) κ-1  
  Equation 1.1. 
 
Figure 1.14. Interaction energy pair potential between two charged spheres as a function of separation 
distance, H. The interaction energy profiles are analysed as a function of the ionic concentration (shown 
for a 1:1 electrolyte with 10kT being 0.001 M electrolyte) [Reproduced, and adapted, from reference 81]. 
1.4.2. Non DLVO interactions 
Two forces not covered by the DLVO theory are the hydration force and the 
hydrophobic interaction.65-66 The hydration force is caused by two polar surfaces 
separated by a thin film of water and is repulsive and the hydrophobic interaction is an 
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attractive force caused from entropic rearrangement of water molecules surrounding 
colloidal particles. The increased entropy caused by water-water interactions (hydrogen 
bonding) forces the hydrophobic colloids together or even with other phases as 
discussed earlier with hydrophobic colloids adhering more strongly to collector surfaces 
and AWI’s.  
1.4.3.Steric stabilisation 
Steric stabilisation is caused from the absorption of polymers onto the particle 
surface. The polymers need an affinity for the particle surface as well as being 
sufficiently hydrophilic to extend into the aqueous phase (or continuous phase for 
different solvents). As particles come closer together the polymer chains compress and 
inter-penetrate causing a higher concentration of stabiliser chains between particles. 
Repulsion occurs due to entropic osmotic pressure forcing water molecules between the 
two particles.  
1.5. Outlook and objectives of the thesis 
The overall aim of the sponsor was the fabrication of colloidal carrier particles 
with good soil mobility and root adhesion. The mobility of particles through soil is 
mainly controlled by particle surface charges, hydrophobicity and environmental factors 
(less controllable). Adhesion is mainly affected by both surface area (heterogeneities) 
and the surface charge of the particles and surfaces. Delivery and encapsulation is 
heavily dependant on the application and whether controlled release (fast or slow) or 
burst release is required where a rigid wall is required to prevent release being too rapid. 
A series of aims to try and overcome all of these issue have been formulated. 
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1. To synthesise polymer particles using soap-free emulsion polymerisation to 
generate a high surface number of anionic surface groups within the size range 
200-1000 nm. For this aim we chose the sulphonate group as the anionic charge 
and poly(styrene) as the polymer colloid. 
2.  To utilise soap-free emulsion polymerisation to decorate colloidal seed particles 
using a range of different hydrophobicities in order to increase the surface area 
and roughness. We also would like to easily incorporate post surface charge 
using thiol-Michael addition chemistry to incorporate different functional groups 
and charges to the decorated surface. 
3. To study the encapsulation of a naphthalene based aromatic oil, solvesso 
200ND, using interfacial thiol-Michael addition chemistry for capsule formation. 
To study the capsule sizes and size distributions using both microfluidic 
methods as well as high shear techniques.  
1.5.1. A brief overview of each chapter 
Chapter 2 discusses use of sodium vinylbenzenesulphonate in the soap-free 
emulsion copolymerisations with styrene to synthesise sulphonated colloidal 
nanoparticles. We report the limitations of the previous methods for the sulphonation of 
colloids. We designed protected sulphonate particles by the copolymerisation of 
neopentyl 4-vinylbenzenesulphonate and ethyl 4-vinylbenzenesulphonate with styrene 
to synthesise colloids under 200 nm with hidden sulphonate groups. Following particle 
synthesis we discuss the deprotection or hydrolysis of the ethyl protecting groups using 
high temperature heat (>200oC) where the effects on the particles are studied using 
thermal gravimetric analysis and differential scanning calorimetry.  
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In Chapter 3 we report the synthesis of both hydrophobic styrenic and 
hydrophilic acrylic monodisperse seed particles via soap-free emulsion polymerisation. 
Seed particles were decorated using nanogel particles (formed using di, tri, and penta-
/hexa- functional acrylate crosslinking monomers) to produce raspberry and core-shell 
latex particles with an increased surface areas and roughness as visualised using 
scanning electron microscopy. The effects of the seed surface hydrophobicity were 
investigated where hydrophilic seeds generally led to core-shell type particles and 
hydrophobic seeds led to raspberry decorated particles. Pendant vinyl groups were 
quantified and analysed using Raman microscopy where both infra-red and nuclear 
magnetic resonance were unable. Thiol-Michael addition click reactions between the 
pendant vinyl groups and various charged thiols (L-cysteine, sodium 3-mercapto-1-
propanesulphonate, and penta-erythritol tetra-kis(3-mercaptopropionate)  was 
accomplished using nucleophilic isobutylamine catalyst. A decrease in the percentage of 
vinyl groups was observed using Raman microscopy. 
In Chapter 4 we report the main methods for encapsulating an oil for 
agricultural applications and discuss the common poly(urethane) and poly(urea) 
polymerisations methods. Using the methodology of thiol-Michael addition from 
Chapter 3 we report the synthesis of milli- and microcapsules using an interfacial thiol-
Michael addition reaction between a penta-/hexa- functional ene and a tetra- functional 
thiol using nucleophilic isobutylamine catalyst. The use of a microfluidic device led to 
millimetre sized capsules with controlled capsule sizes and dispersity that could be dried 
without payload release. The thiol-Michael addition reaction was further tested using 
high shear techniques (homogenisation) but the capsules were not robust enough to be 
dried without rupture and the oil release rate occurred after minutes.  
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The conclusions of the thesis are summarised in Chapter 5. 
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Chapter 2 - Cleavable sulphonated poly(styrene) 
nanoparticles 
2.1. Abstract 
Chapter 2 discusses the use of sodium 4-vinylbenzenesulphonate in the soap-free 
emulsion copolymerisation with styrene to synthesise sulphonated colloidal particles. 
We report the limitations of the previous methods for the sulphonation of colloids. We 
designed protected sulphonate monomers by the copolymerisation of neopentyl 4-
vinylbenzenesulphonate (NSS) and ethyl p-vinylbenzenesulphonate (ESS) with styrene 
and synthesised colloids under 200 nm with hidden sulphonate groups as studied using 
Scanning Electron Microscopy (SEM). Following particle synthesis we discuss 
limitations of both NSS and ESS for use in soap-free emulsion copolymerisation and 
studied the deprotection or hydrolysis of the ethyl groups from ESS particles using high 
temperature heat (>200oC) where the effects on the particles are studied using thermal 
gravimetric analysis and differential scanning Calorimetry.  
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2.2. Introduction 
In this chapter the aim was to synthesise functionalised polymer particles with a 
high loading of sulphonate groups via soap-free emulsion polymerisation. We wanted to 
find a method that could increase the sulphonate levels using batch emulsion 
polymerisation with functional comonomer sodium 4-vinylbenzenesulphonate. 
Sulphonate groups would enable soil mobility due having a high anionic surface charge 
density thereby minimising the adhesion to negatively charged surfaces. Sulphonate 
groups also provide colloidal stability at high salt concentrations and have shown an 
adhesion affinity to air-water interfaces. 
2.2.1. Homogeneous sulphonation of particles 
The first synthetic route for synthesising sulphonated particles and polymers was 
using concentrated sulphuric acid. Hazarika et al reported the sulphonation of 
poly(styrene) particles using this method1 or a less harsh sulphonation using acetyl 
sulphate as reported by Orler et al.2 Many homogeneous and heterogeneous methods are 
reported by Kućela et al.3 Unfortunately the harsh reaction conditions required for 
sulphonation can lead to a number of side reactions (double substitution on phenyl rings 
and condensation of two sulphonic acids causes crosslinking) which reduces the 
usefulness of this method as it lowers the sulphonate content.3 
2.2.2. Soap-free emulsion polymerisation for sulphonation 
In Chapter 1 we discussed soap-free emulsion polymerisation and many authors 
have shown that the use of different charged thermal initiators such as persulphates, 
peroxide and azo compounds can generate different surface charges. With persulphate 
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initiators the sulphate group is unstable and can readily hydrolyse to hydroxyl or oxidise 
carboxylic acid groups. The use of only initiators to add surface charged groups often 
limits the size of the final polymer particles to between 400 and 1000 nm4-5 but the size 
can be altered by the amount of initiator, pH, electrolyte concentration and 
temperature.6 
2.2.2.1. Heterogeneous sulphonation utilising soap-free emulsion 
polymerisation with ionic comonomers 
More commonly the addition of ionic comonomers results in latex particles with 
an increased content of surface active functional groups. We will only be referencing 
the methods to add sulphonate surface charge in this chapter. The most commonly used 
sulphonate comonomer is sodium 4-vinylbenzenesulphonate (or NaSS), which has been 
shown to provide control over the particle size and improves the colloidal stability of 
the final latex due to the sulphonate group being hydrolytically stable. The batch soap-
free emulsion of styrene with NaSS using potassium persulphate (KPS) has been shown 
to synthesise 500-800 nm colloids by the addition of 0.02-2 wt% NaSS based on styrene 
as reported by Peula et al and Kim et al.4-5 The particle size can be decreased further by 
the addition of crosslinkers such as DVB which inhibits swelling of the polymer 
particles.7 Unfortunately the use of NaSS in batch soap-free emulsion polymerisation 
leads to low incorporation of the NaSS monomer and low surface density of sulphonate 
groups. The latex particle size decreases with higher NaSS amount leading to an 
increased number of particles so the overall sulphonate charge per particle remains the 
same. A secondary effect of higher NaSS amounts (above 2 wt%) is the formation of a 
bimodal size distribution caused by broadening of the nucleation period.5,8-9 The 
formation of amphiphilic polymers can also induce bridging and depletion 
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flocculation/coagulation which reduces the overall colloidal stability.8 Particles with 
low sulphonate functional group loading and broad dispersity is a problem when 
particles with controlled size distributions and high levels of sulfonation is required.  
One method that improved on the low sulphonate content in particles was to 
adapt the batch emulsion polymerisation method with the “shot-addition” method as 
reported by Peula et al, Kim et al and others.4-10 The shot addition method uses a highly 
concentrated shot of NaSS (in styrene) that is injected into the polymerisation at a high 
conversion value, typically reported at 90-92% conversion (or 85-95% as reported by 
Sunkara et al7). Studies have led to the belief that this method creates a hairy surface 
layer of electrosterically stabilised sulphonate groups which can have chain lengths 
hundreds of nm long effectively creating a core-shell type structure (this is shown in 
Figure 2.1-B.).4 These hairy chains are chemically bound to the surface of the particles 
and lead to a much greater colloidal stability as shown by electrolyte addition. This 
means that hairy sulphonated colloids synthesised using the shot-addition method have 
an increased surface charge density compared to the standard batch made latexes.5-8 
Studies have led to the idea that the particles synthesised using the shot addition method 
are more colloidally stable due to the hairy layer providing electrostatic stabilisation 
from the sulphonate polyelectrolyte chains. This effect is combined with the 
immobilisation of water molecules surrounding the particles that lowers the van der 
Waals attraction between particles. The advantage of the shot addition method is that 
size can be tailored easily and therefore monodisperse latexes can be easily prepared 
with much higher amounts of NaSS compared to batch polymerisation. The surface 
charge can be tailored by ratio of sulphonated comonomers to monomer used in the 
shot. 
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Figure 2.1. Representative figure showing A) a poly(styrene) nanoparticle with smooth morphology via 
soap-free emulsion polymerisation, B) poly(styrene) nanoparticle surface after the shot-addition of NaSS 
and styrene with hairy electrosteric chains, C) particle surface with functional groups (R), D) 
polymerisation from reactive surface groups (“grafting from”), E) nanoparticle surface, F) nanoparticle 
surface after chemisorption or physisorption of polymer chains (“grafting to”). 
2.2.3. Alternative methods for increasing the sulphonate content at 
the particle surface 
Chemisorption of polyelectrolyte chains to the surface using a shot-addition 
method with or without crosslinkers can enable attachment of polymer chains to the 
surface of a particle (or a flat substrate). The chemisorption can be achieved using the 
“grafting from” and the “grafting to” approach (shown in Figure 2.1-C to Figure 2.1-
F.). The grafting technique is reviewed by Zhao et al,11, Minko12 and Barbey et al.13 
The “grafting to” approach uses physisorption or chemisorption of polymer chains to 
the surface but suffers the drawback of low grafting rates and low grafting density of 
polymer chains. The low grafting is caused by either steric hindrance from other already 
Chapter 2 - Cleavable sulphonated poly(styrene) nanoparticles  
 
 
39 
attached polymer chains that affects the diffusion of polymer grafts14 or physisorbed 
chains being reversibly attached. However, the “grafting from” approach allows 
sufficient brush density to be grown from a surface as brushes grow from every reactive 
site on the surface. The more surface active initiation sites the higher the density of 
grafted brushes.14-15 The “grafting from” approach usually employs living radical 
polymerisation techniques such as atom transfer radical polymerisation (ATRP) or 
reversible addition fragment chain transfer (RAFT) polymerisation. Using these two 
techniques any polymer composition can be grown or attached to a surface of a particle 
or substrate. Single polymer brushes, block copolymer brushes, altered composition 
polymers can be synthesisedand the length of the brushes can be tailored by the reaction 
conditions and monomer addition (see reviews articles).11-15 Su et al have shown the 
radical polymerisation of NaSS from a silane modified SiO2 particle results in the 
formation of polyelectrolyte brushes that extend from the surface16 and others have 
shown the use of ATRP17-18 and RAFT19 for attaching and growing poly(sulphonate) 
electrolytes from the particle surface. 
 
Figure 2.2. SEM micrographs of poly(styrene) particles with poly(NaSS) brushes grafted to the surface 
[Reproduced from reference 20]. 
One such method of synthesising poly(NaSS) brushes from a particle surface 
was reported by Alzhrani during his PhD thesis20 and also by Chen et al (see Figure 
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2.2. for an example of colloids with poly(NaSS) brushes).17 Firstly a slightly crosslinked 
poly(styrene) latex was prepared using styrene, NaSS, DVB and a functional tertiary 
bromine ATRP initiator. The bromine monomer was added using both batch and shot 
addition methods to vary the surface incorporation of the ATRP initiator. Single 
electron transfer living radical polymerisation (SET-LRP) was carried out on the 
particles causing the functional bromine group to grow poly(NaSS) chains from the 
surface of the particles creating a hairy brush structure wand a high polysulphonate 
brush density per particle. The reaction proceeded in water using copper zero catalyst at 
room temperature and the polymer brushes were visualised with the aid of cryogenic 
transmission electron microscopy (Cryo-TEM). The shot addition method was shown to 
have a pronounced effect on the concentration of bromine initiator groups at the surface 
and Cryo-TEM analysis showed polymer brushes extending from the particle surface. 
These polymer brushes could not be visualised when the batch emulsion polymerisation 
method was chosen indicating that much less brushes were able to polymerise from the 
surface. Ballauff et al have also reported the synthetic methods for the attachment and 
grafting of polyelectrolyte brushes from spherical poly(styrene) particles and 
dumbbells.21-23 
2.2.4. Protected monomer for use in batch soap-free emulsion 
polymerisation 
In this chapter aimed to overcome the size dependant function of NaSS 
concentration as well as the dispersity index problems shown by NaSS above 2.5 wt%. 
By using a protected sulphonate monomer variation of NaSS monomer we aimed to 
alter the hydrophobicity and locus for nucleation thereby increasing the incorporation of 
sulphonate monomer to above 2.5 wt% using batch soap-free emulsion polymerisation. 
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We also hoped to provide control over particle size and the dispersity index. Post 
polymerisation the protected monomer can be cleaved to release the sulphonate charge 
at the particle surface. 
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2.3. Experimental 
2.3.1. Materials 
Thionyl chloride (purum, >99.0%), 4-t-butyl catechol (≥98.0% HPLC grade), 
dimethylformamide (anhydrous 99.8%), sodium 4-vinylbenzenesulphonate (>90% 
technical grade, NaSS), neopentyl alcohol (2,2-Dimethyl-1-propanol, 99%), 4-
di(methylamine)pyridine (ReagentPlus, ≥99%), triethylamine (≥99.5%), cyclohexane 
(ACS reagent, ≥99%),  styrene (Reagent Plus, >99.0%), divinylbenzene (DVB, 80% 
mixture of isomers) and potassium persulphate (ACS reagent, ≥99.0%) were all 
purchased from Sigma-Aldrich and used as received. 2,2’-azobis(2-methylpropionitrile) 
(AIBN) was supplied by Wacker and used as received. Solvents toluene, methanol, 
ethanol, diethyl ether, petroleum ether 40-60 oC, dichloromethane were purchased from 
fisher scientific and were reagent grade purity. Magnesium sulphate, potassium 
chloride, potassium carbonate and sodium hydrogen carbonate were of reagent grade 
purity and were purchased from fisher scientific. Silica gel was also from Sigma Aldrich 
and was ≥400 mesh. 
2.3.2. Equipment 
Analysis of 1H NMR measurements was performed on either a Bruker DPX-300 
300 MHz or DPX 400 MHz spectrometer and the spectrum was analysed with Mestrec 
v2.3a. TGA measurements were performed using a Mettler-Tolledo DSC1-Star with 
autosampler using both air and nitrogen environments in the temperature range 25-1000 
oC. Fisher Scientific supplied all all glassware. Emulsion polymerisations were carried 
out in double-walled cylindrical glass reactors (250 ml, Asynt) equipped with an 
external heating bath (Julabo F-25 unit). A four-bladed overhead Teflon stirrer (Cowie 
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Ltd) approximately 1cm from the bottom of the reaction vessel ensured thorough 
mixing with typical stirring speeds of 275 rpm. Average hydrodynamic particle sizes 
and dispersity indexes were measured by dynamic light scattering using a Malvern 
Zetasizer Nano (data was analysed using the CONTIN algorithm). SEM analyses were 
performed using a Zeiss Supra 55VP FEG-SEM with an EBSD camera. Sample 
preparation and analysis using DLS and SEM is reported in Section 2.3.6.. A 4 digit 
analytical balance (Precisa XT 220A) was used for accurate measurements of the 
monomers, comonomers, initiator and crosslinkers and also for measuring monomer 
conversion.  
2.3.3. Synthesis of protected sulphonate monomer 
2.3.3.1. Synthesis of precursor 4-vinylbenzenesulphonyl chloride (SSC) 
The SSC precursor was synthesised following the method from literature.30 
Thionyl chloride (SOCl2, 250 mL, 2.64 mol) was added to a mixture of 4-t-
butylcatechol (1.5 g, 9 mmol) and dimethylformamide (anhydrous DMF, 320 mL) in a 1 
L round bottomed flask (RBF) whilst stirring in an ice bath (<0 °C). Sodium p-styrene 
sulphonate (NaSS, 100 g, 0.48 mol) was added in small amounts with constant stirring 
and then further stirred for 3 hours. The RBF was covered in tin foil and transferred to 
the fridge for 12 hours where the solution separated into two layers. The solution was 
poured into ice cold water (carefully due to HCl gas release) and the solution was 
extracted twice with toluene (2 × 600 mL) using a separating funnel. The organic layer 
was collected and further washed with water (2 × 600 mL) and KCl brine solution (2× 
600 mL). The organic layer was dried for 1 hour using anhydrous MgSO4. Once the 
solid was filtered off using a Buchner funnel the toluene was removed on a rotary 
evaporator (<45 °C). Styrene sulphonyl chloride was a yellow oil yield 91.6 g (90%). 1H 
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NMR (CDCl3, 300 MHz,) δH 1.98 (3H, s, Toluene CH3), 5.14-5.18 (1H, d, JTrans 17.5 
Hz, CH=CH2), 5.56-5.62 (1H, d, JCis 11.0 Hz, CH=CH2), 6.36-6.45 (1H, dd, JTrans 17.5 
Hz JCis 11.0 Hz, CH=CH2), 6.81 (s, CDCl3), 6.76-6.90 (5H, m, Toluene ArH), 7.21-7.24 
(2H, d, J 8.5 Hz, ArH), 7.60-7.63 (2H, d, J 8.5 Hz, ArH). 
2.3.3.2. Synthesis of neopentyl 4-vinylbenzenesulphonate (NSS) 
The NSS monomer was synthesised following a slightly adapted method from 
literature reported by Baek.28 In a 500 ml round bottomed flash 15.03 g p-styrene sulphonyl 
chloride was added dropwise to a solution of 9.79 g neopentyl alcohol, 0.75 g 4-
di(methylamino)pyridine, 15 ml triethylamine and 50 ml cyclohexane at 0 oC and stirred for 30 
minutes. This solution was further stirred for 30 hours at room temperature and then stored at 0 
oC overnight. The solution was pored into 200 ml deionized water and the aqueous phase was 
extracted with DCM (2 x 200 ml). The organic layers were combined and washed with water (2 
x 200 ml) and dried using magnesium sulphate. DCM was removed using a rotary evaporator 
and columned using a silica column with 60:40 DCM:Petroleum ether to give a white powder of 
yield 9.45 g (50%); 1H NMR (CDCl3, 400 MHz,) δH 0.81 (9H, s, C(CH3)3), 3.59 (2H, s, 
OCH2C), 5.36-5.39 (1H, d, JCis 11.0 Hz, CH=CH2), 5.80-5.85 (1H, d, JTrans 17.5 Hz, 
CH=CH2), 6.34-6.71 (1H, dd, JTrans 17.5 Hz JCis 11.0 Hz, CH=CH2), 7.46-7.48 (2H, d, J 
8.5 Hz, ArH), 7.76-7.78 (2H, d, J 8.5 Hz, ArH). 
2.3.3.3. Synthesis of ethyl 4-vinylbenzenesulphonate (ESS) 
SSC (78.4 g, 0.39 mol) was added dropwise to a stirring solution of potassium 
carbonate (160 g, K2CO3, excess) in ethanol (460 mL, excess) at ambient temperature. 
After 12 hours the sample was analysed by 1H NMR. At this point the reaction was 
concentrated under reduced pressure using the rotary evaporator (<35 °C) for 3 hours 
and we monitored the volume collected for comparison with the starting amount. Et2O 
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(500 mL) and water (500 mL) were added to the RBF and the organic layer was 
separated and kept. The aqueous layer was then washed with Et2O (2 × 500 mL) and the 
organic layers were combined and further washed with both water (2 × 500 mL) and 
KCl brine solution (2 × 500 mL). The organic layer was dried with MgSO4 and filtered 
via Buchner filtration. A yellow product resulted and removal of the colour was 
attempted using activated back charcoal yet a pale yellow colour remained which was 
taken to be the colour of the monomer. After high vacuum a pure pale orange oil 
product was obtained of yield 42.8564 g (52%). 1H NMR (CDCl3, 400 MHz,) δH 1.31-
1.34 (3H, t, J 7.0 Hz, CH2CH3), 4.12-4.17 (2H, q, J 7.0 Hz, CH2CH3), 5.47-5.50 (1H, d, 
JCis 11.0 Hz, CH=CH2), 5.91-5.95 (1H, d, JTrans 17.5 Hz, CH=CH2), 6.74-6.82 (1H, dd, 
JTrans 17.5 Hz JCis 11.0 Hz, CH=CH2), 7.57-7.59 (2H, d, J 8.5 Hz, ArH), 7.87-7.89 (2H, 
d, J 8.5 Hz, ArH); 13C NMR (CDCl3, 100 MHz) δC 14.73, 67.05, 77.79, 77.10, 77.42, 
118.05, 126.83, 128.19, 135.18, 142.86; IR (thin film) 3078, 2986, 1597, 1375, 1353, 
1190, 1172, 1094, 998, 911, 845, 800, 755, 657 cm-1. HRMS m/z (ES+) calculated for 
C10H12O3S, 212.0399, found 235.0396 [M + Na]
+. 
2.3.4. Synthesis of poly(styrene-co-NSS-co-DVB) particles via soap-
free emulsion polymerisation 
 In a 250 ml reactor 190 ml water with 0.0723 g NaSS and 0.1017 g sodium 
hydrogen carbonate was degassed with nitrogen for ~45 minutes. To this solution 8.02 g 
styrene, 2.017 g NSS and 0.76 g DVB was injected and degassed for a further 10 
minutes. The reactor was heated to 70 oC and equilibrated for 5 minutes and 0.07 g KPS 
in 1 ml deionized degassed water was injected to begin the polymerisation. 
Polymerisation proceeded overnight followed by dialysis twice daily against deionized 
water for 2 weeks. 
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2.3.5. Synthesis of poly(styrene-co-ESS-co-DVB) particles via soap-
free emulsion polymerisation 
In a 250 ml round bottomed flask 90 ml water with NaSS and sodium hydrogen 
carbonate was degassed for ~45 minutes. To this a mixture of styrene, ESS, and DVB 
was added (refer to Table 2.1. in Section 2.4.6.2. for exact amounts added). The 
solution was further degassed for ~10 minutes. The reaction was heated to 70 oC using a 
probe controlled oil bath and left for 5 minutes for the temperature to equilibrate. To 
this 0.1 g KPS in 1 ml DDI water was injected and the reaction was left to polymerise 
overnight followed by dialysis twice daily against deionized water for 2 weeks per 
sample. 
2.3.6. Analysis preparation 
2.3.6.1. DLS sample analysis 
Dynamic light scattering (DLS), also known as PCS (photon correlation 
spectroscopy), is used to measure both the hydrodynamic sizes of the colloids being 
analysed as well as monitoring the polydispersity of the sample. These measurements 
were carried out using a Malvern Zetasizer Nano ZS.  
Typically for a 10 wt% latex a drop of latex was diluted with 20 ml deionised 
water. Sample acquisition was carried out in poly(styrene) cuvettes with four clear 
faces. Approximately 1 cm of the diluted latex was added to the cuvette and the 
machine was used to analyse it. Typically a two minute equilibration time was used to 
stabilise the temperature to 25 oC before the measurement was run using five 
measurements with 6 second sub runs and 10 total runs. 
 
Chapter 2 - Cleavable sulphonated poly(styrene) nanoparticles  
 
 
47 
2.3.6.2. SEM sample analysis 
Sample preparation for SEM analysis involved the sticking of silicon wafers 
(donated by Wacker Chemie AG, Germany) onto an SEM stub (from Agar scientific). 
Diluted latex sample was dried out onto the top of the wafer where samples were 
typically diluted by 1 drop of latex to 20 ml of deionized water to ensure that saturation 
of the grid did not occur. A thin layer of particles is preferable for easy visualisation. 
Once the samples were prepared onto the silicon wafer they were also sputtered with 
either metal particles or carbon to provide a conducting surface, which is crucial for 
imaging. The carbon coater machine was used once it arrived due to the finer and more 
efficient conductive coating that enables greater surface visualisation. Settings were 
optimised and best imaging was generally obtained after sputtering 40 seconds at 1.5 kV 
and 25 mA using the auto mode of a Quorum technologies Polaron SC7640 
auto/manual high resolution sputter coater for the gold/palladium or platinum metal. 
The carbon coater was a EmiTech KX950 was supplied from the Advantage West 
Midlands: Science City grant and samples was sputtered with carbon using three bursts 
of 1000 mS. SEM imaging was performed on ZEISS supra 55VP field emission gun 
scanning electron microscope (FEG-SEM) equipped with an electron backscattered 
diffraction camera.  
2.3.6.3. SEM analysis using ImageJ 
(ImageJ was downloaded from the website: 
http://rsbweb.nih.gov/ij/download.html). SEM images were first opened using ImageJ. 
The line tool was used to measure the scale bar from the SEM image and the distance in 
nm was inputted to set the scale. This scale bar allowed other lines to be measured and 
the distance was tabulated, where high magnification images were used to enable more 
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accurate size measurements. Typically 100 particle diameters were measured per image 
using multiple images per sample in order to calculate average the particle diameters 
and the variation in sizes (coefficient of variation). Contact angles were measured using 
the angle tool where three points on the picture could be moved around to measure 
angles between the seed and decorating nanogel particles. 
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2.4. Results and discussion 
2.4.1. Protected ethyl 4-vinylbenzenesulphonate and neopentyl 4-
vinylbenzenesulphonate monomers 
In 2007 Kazemi et al reported the effective tosylation of p-toluenesulphonyl 
chloride (Ts) with alcohols under solvent free conditions.24 This method allowed 
methanol, ethanol, benzyl alcohols and valuable ethylene glycols to react with Ts in fast 
high yield synthesis by simply grinding the two reagents together. Recently, in 2010, 
Miller reported the protection of dansyl sulphonate using a multitude of functional 
groups including straight and branched alkyl chains, phenyl groups and fluoro groups.25 
The use of different protecting alcohols allowed different monomer properties such as 
acidic media stability for isobutyl sulphonates or nucleophilic displacement resistance 
for neopentyl sulphonates. Chen et al showed the synthesis of butyl 4-
vinylbenzenesulphonate (BuSS) as a means of protecting the sulphonate functional 
group. The reaction also achieved satisfactory results using n-hexyl, n-octyl and benzyl 
groups to synthesise functionalised sulphonate esters.26 This synthetic method was also 
adapted by Okamura et al for synthesising BuSS and NSS.27 Baek further adapted the 
synthesis of NSS and improved the yield from 26% to 51%.28  
In this chapter we adapted the work done by Kazemi et al24 but replaced the 
tosyl chloride with SSC so that the vinyl group would make it useful for 
polymerisations. SSC (2.2) was prepared by the method set out by Jeřábek et al which 
was an adaption of the original work carried out by Kamogawa where NaSS (2.1) and 
thionyl chloride reacted in DMF to form 2.2 with a 90% yield (synthesis of 2.2 
described in Section 2.3.3.1).30-31 The structure of 2.2 is shown in Scheme 2.1. and the 
1H NMR spectrum is shown in Figure 2.3.. 
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Figure 2.3. 1H NMR spectrum of monomer 2.2. 
Utilising monomer 2.2 we prepared the NSS monomer (2.3, structure shown in 
Scheme 2.1.) by reacting 2.2 with neopentyl alcohol. This method was published by 
Baek and achieved a satisfactory 50% yield (full synthesis described in Section 2.3.3.2). 
Due to the complexity for the synthesis of 2.3 (requiring multiple washing and drying 
stages and column purification), preparation of 2.3 was initially carried out in small 
quantities. The protected monomer ESS (2.4, structure shown in Scheme 2.1.) was first 
reported by Woeste in his PhD thesis in 1993 where the reaction of silver 4-
vinylbenzenesulphonate with ethyl bromide yielded 79% 2.4 monomer and silver 
bromide.29 Kazemi altered this method and used potassium carbonate and ethanol with 
Ts to form the tosyl ester product. We synthesised 2.4 using the Kazemi method but we 
reacted potassium carbonate and ethanol with 2.2 to form 2.4 with mass 42.85 g (52% 
yield, full synthesis described in Section 2.3.3.3.).34 
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Scheme 2.1. The reaction scheme for the synthesis of ESS and NSS monomers using NaSS and 
SSC. 
The synthesis of 2.3 and 2.4 are shown schematically in Scheme 2.1. and the 
analysis of the monomers 2.3 and 2.4 are shown in Figure 2.4., Figure 2.5. and Figure 
2.6.. Recently Tosoh Organic Chemicals Company developed larger scale production of 
2.4 but due to cost and the small scale production the 3 was synthesised in house. The 
lower yield when compared to the high 90% yield of 2.2 is caused by incomplete 
esterification of 2.2. 
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Figure 2.4. 1H NMR spectrum of monomer 2.3. 
 
Figure 2.5. 1H NMR spectrum of monomer 2.4. 
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Figure 2.6. MS spectrum of monomer 2.4. 
2.4.2. Thermal analysis of poly(NSS) 
Initially the polymerisation of 2.3 was carried out in toluene using AIBN 
initiator (structure shown in Figure 2.7.). We dissolved 1 g 2.3 in 9 g toluene, degassed 
with nitrogen and stirred at 70 oC where 0.05 g AIBN was injected. Polymerisation was 
allowed for 8 hours whereby removal of the toluene gave a pale orange powder. 
Thermal gravimetric analysis (TGA) was used to study the degradation temperatures of 
poly(2.3). The TGA and Differential Scanning Calorimetry (DSC) spectra for the 
synthesised homopolymer of poly(2.3), under nitrogen atmosphere are shown in Figure 
2.8..  
 
Figure 2.7. Structure of 2,2’-azobis(2-methylpropionitrile) (AIBN). 
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Figure 2.8. TGA and DSC traces for bulk polymer poly(2.3) under N2 atmosphere from 20-800 oC at a 
heating rate of 10 oC/min. Black line is the TGA trace, red line is the DSC trace. 
The TGA weight loss observed by our poly(2.3) sample follows this same 
degradation profile as reported by Baek.28 They assigned the weight loss at 185-188 oC 
to the thermolysis of the neopentyl radical followed by degradation between 185-380 oC 
for desulphonation of the polymer chains. The weight loss up to 400 oC was due to 
degradation of the polymer backbone. The plateau region at >500 oC was caused by the 
decomposition of polymer fragments in the presence of SO2 generating sulphur based 
compounds with higher thermal degradation temperatures.28 The DSC data also 
confirms the transition changes for the poly(2.3) weight losses and this is explained in 
more detail in the next section for poly(2.4) degradation. 
 
2.4.3. Thermal analysis of poly(ESS) 
Bulk polymerisation of the 2.4 monomer using AIBN initiator was carried out to 
produce solid poly(2.4). Initially 0.005 g AIBN was dissolved into 1 g of 2.4 and added 
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to a sealed glass vial and purged with nitrogen. An oil bath increased the temperature of 
the monomer to 70 oC to enable polymerisation and after ~4 hours polymerisation time 
the reaction vessel was cooled to room temperature and a viscous polymer had formed. 
Precipitating the polymer into methanol removed any unreacted 2.4 and AIBN was 
removed and the solid was filtered, washed, and dried. The TGA and DSC spectra for 
the synthesised homopolymer of poly(2.4), under both air and nitrogen atmospheres, is 
shown in Figure 2.9..  
 
Figure 2.9. TGA and DSC traces for bulk polymer poly(2.4) under air (black line) and nitrogen (red line) 
atmospheres, from 23-800 oC at a heating rate of 10 oC/min. Complete line is TGA traces, dotted line is 
DSC traces. 
2.4.3.1. TGA and DSC of poly(ESS) in air 
Jiang et al studied the degradation of poly(sodium 4-vinylbenzenesulphonate)  
using TGA.32 Both Jiang et al32 and Nasef33 studied the degradation of poly(sodium 4-
vinylbenzenesulphonic acid). The results in their papers indicated that after removal of 
residual moisture the first loss at 300 oC is caused from homolytic cleavage of the 
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sulphonate or sulphonic acid group that releases SO2 and H2O. Styrene 
depolymerisation occurred at 400-490 oC. Jiang et al showed that partial degradation of 
sulphonic acid groups occurs as IR of the volatiles indicated remaining sulphonates up 
to 550 oC.  
We assign the degradation of poly(2.4) as follows. The weight loss begins with 
thermolysis of ethyl radicals at 258-260 oC and this cleavage is in agreement with the 
endothermic DSC peak that is shown occurring at the same temperature. Following the 
ethyl loss, partial homolytic degradation of the sulphonate groups (bond dissociation 
energy of 259 kJ/mol) occurs from 260-380 oC decomposing into SO2 as well as H2O. 
Sulphonic acid and sulphonated polymers have been shown to only partially cleave the 
sulphonate groups32 so some sulphur based styrene chains will still exist up to 550 oC. 
This sulphonate cleavage from the polymer chains results in styrene radicals and 
degradation of the polymer chain will release styrene and various dimers, trimers etc 
due to hydrogen transfer and back-biting from the polymer backbone from 350-440 oC 
(this is discussed for poly(styrene) in Section 2.4.7.1.1.).  The weight loss from 440-700 
oC is due to the decomposition of the carbon and sulphur based compounds that form by 
the degradation of the polymer chains in the presence of SO2. Oxidative degradation 
also occurs in air atmospheres at 400-700 oC. The exothermic peak in the DSC spectrum 
at 410 oC and again at 550-700 oC could be caused by both crystallisation of polymer 
chains and oxidative degradation or combustion respectively.  
Due to the degradation mechanisms discussed above and the complex 
mechanism of degradation the exact weight losses for each section are difficult to 
determine. Many degradation pathways may combine into one steady weight loss as is 
shown between 260-400 oC. When we study the weight loss percentages we notice that 
the weight losses are in close agreement to the predicted degradation pathways proposed 
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earlier. The weight loss at 258-260 oC is approximately ~13% which is similar to the 
theoretical weight loss of 13.7% for the loss of an ethyl radical. The weight loss from 
260-440 oC shows a further weight loss of ~34% which accounts for the SO3 group 
(theoretical loss of 37.2%) which may be lower than predicted due to partial cleavage 
and possible recombination with other radicals. The remaining 50% weight loss from 
440-700 oC agrees with the weight loss of styrene degradation products. The higher 
temperatures required are likely due to the formation of other products from such as 
decomposition of styrene in the presence of SO2. 
Recently Hasegawa et al studied the degradation of poly(2.4) grafted PEEK 
polymers34 and similar TGA and DSC traces were shown when compared to the results 
for poly(2.3) and poly(2.4) and the data reported for poly(2.3) by Baek. 
Due to the competing degradation pathways a multitude of products may form 
which could not be analysed with the TGA/DSC machine alone. Linking a TGA 
machine to pyrolysis-GC could help identify the degradation products and volatiles as 
reported by Gurman et al for poly(styrene).35 
2.4.3.2. TGA and DSC of poly(ESS) in nitrogen 
When we study the nitrogen TGA and DSC curves we notice the same 
endothermic peak at 410 oC. However, the two exothermic peaks are not present and the 
heat flow increased steadily until 800 oC. We noticed that sample still remained at 800 
oC due incomplete combustion of the material and sulphur and carbon based compounds 
from SO2 recombination. 
2.4.4. Soap-free emulsion polymerisation of NSS and styrene 
Polymer particles are typically synthesised using emulsion, dispersion and 
suspension polymerisation techniques (refer to Chapter 1 for references). Emulsion 
Chapter 2 - Cleavable sulphonated poly(styrene) nanoparticles  
 
 
58 
polymerisation was chosen due to size of the colloids that can be synthesised which is 
typically 50-1000 nm depending on whether surfactants are used (surfactants allow 
smaller particle sizes). Initially a 5 wt% latex was made was made using 2.1 and 2.3 
(structures shown in Scheme 2.1.), styrene (2.5) and DVB (2.6). Addition of 2.1 
introduced sulphonate surface charge for colloidal stability and controlled both particle 
sizes and dispersity. Structures of 2.5 and 2.6 are shown in Figure 2.10. along with the 
initiator potassium persulphate (KPS, referred to as 2.7 throughout). This 
polymerisation was carried out using a reactor at 70 oC. The exact procedure for 
synthesis of this latex is described in Section 2.3.4 with details of the reactor setup in 
Section 2.3.2.. 
 
Figure 2.10. Structures of (left to right) styrene, di-vinylbenzene and potassium persulphate. 
Scanning electron microscopy (SEM) samples were prepared by diluting the 
latex sample to ~0.1 wt% solids. The diluted latex was dried onto a silicon wafer SEM 
stub and the samples were coated using graphite or platinum to provide a uniform 
conductive coating (see Section 2.3.6.2. and 2.3.6.3. for further details on SEM 
preparation and analysis using ImageJ). SEM images for the poly(2.5-co-2.3-co-2.6) 
copolymer particles are shown in Figure 2.11. where it can be seen that the particles are 
relatively monodisperse with an average particle size of 117 nm (standard deviation – 
s.d. = 6.1 nm) and a coefficient of variation (CV) of 5.2% (analysed using ImageJ). 
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Figure 2.11. SEM micrographs for 10 wt% solids batch soap-free emulsion copolymerisation colloids of 
styrene with NSS initiated using KPS at 70 oC. Scale bars is 200 nm. 
Due to the synthesis of 2.3 from 2.2 requiring more stages for purification we 
decided to continue using the monomer 2.4 as it could be made in much larger 
quantities and requiring simpler purification stages. The second reason for the use of 2.4 
over 2.3 was due to the 2.3 hydrolysing at a lower temperature (185 oC versus 258-260 
oC) and this could affect the stability of the latex (Section 2.4.8. discusses hydrolysis 
and partial hydrolysis can occur at much lower temperatures). The monomer 2.3 was 
easier to use in emulsion polymerisation due to it being solid and by using monomer 2.4 
instead of 2.3 did show a disadvantage in emulsion polymerisation (discussed in 
Section 2.4.6.1.). 
2.4.5. Soap-free emulsion polymerisation of ESS and styrene 
To allow the incorporation of monomer 2.4 into polymer colloids a number of 
criteria must be fulfilled. These requirements will be discussed for the copolymerisation 
of 2.4 with 2.5 as this is the comonomer we are interested in. The monomer 2.5 was 
chosen as the comonomer alongside 2.4 due to the similarity in structure and the high Tg 
value of 100 oC for poly(2.5) enabling easier imaging using SEM. 
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2.4.5.1. ESS solubility in water 
The first requirement for the monomer 2.4 is that it must exhibit sufficient water 
solubility. Typically three categories of solubility exist, highly soluble monomers such 
as acrylonitrile (water solubility 70 g/L), monomers of medium solubility such as 
acrylates (methyl methacrylate 16 g/L) and practically insoluble monomers such as 
styrene (0.30 g/L).36 A previous member on the Bonlab group studied the water 
solubility of 2.4 and reported a value of 0.30 g/L at 25 oC37 which is similar to that of 
styrene.36 A SciFinder Scholar ACD labs prediction search gave a slightly higher water 
solubility value of 0.57 g/L at pH 7 and 25 ºC38 meaning that 2.4 is considered sparingly 
soluble in water. The ACD labs from SciFinder predicted a water solubility of styrene to 
be 0.3 g/L,38 so 2.4 is twice as soluble as styrene but still relatively insoluble in water. 
Due to the similarities in water solubility we would expect monomer 2.4to be useful in 
emulsion polymerisation. 
2.4.6. Synthesis of protected sulphonate particles via soap-free 
emulsion polymerisation 
2.4.6.1. Density issues of ESS monomer 
The first hindrance with performing soap-free emulsion copolymerisation using 
2.4 and 2.5 was the density difference between the two monomers. Monomer 2.5 has a 
density much lower than water (0.909 g/cm3)38 but 2.4 has a density of 1.179 g/cm3 (as 
predicted using SciFinder Scholar).38 The monomer 2.4 sank to the bottom of the 
reactor and remained below the rotor blades that were approximately 1 cm from the 
bottom. Due to the high density of monomer 2.4 it did not mixed with 2.5 or the 
aqueous phase and this led to coagulation at the bottom while the 2.5 polymerised into 
poly(2.5) colloids. Potentially a slight amount of monomer 2.4 would have polymerised 
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due to slight water solubility but not enough when compared with 2.5. In order to allow 
incorporation of 2.4 alongside 2.5 a stirrer bar was used in a round bottomed flask 
(RBF). The stirrer bar forced the 2.4 upwards so that it was mixed into the aqueous 
phase thus increasing the surface area and helping the 2.4 to solubilise into the aqueous 
phase.   
2.4.6.2. Copolymer particle synthesis 
Using 2.1, 2.4, 2.5 and 2.6 in soap-free emulsion copolymerisation in water at 70 
oC synthesised a 10 wt% solids latex. We added 1 wt% 2.1 based on total monomer 
content again to introduce sulphonate surface charge and controll particle sizes and 
dispersity. Using 2.1 decreased the polymerisation times for high conversion to be 
reached as shown with poly(2.1-co-2.5) colloids via emulsion polymerisation.41  Using 
2.1 in emulsion polymerisation with 2.5 changes the nucleation site to the aqueous 
phase, adds the gel effect and increases the number of particles thus affecting the rate of 
polymerisation. Initiation was carried out using 2.7 and detailed experimental conditins 
are reported in Section 2.3.5.. The ratio of the 2.4 to 2.5 was altered where up to 50 
wt% 2.4 relative to styrene was used (see Table. 2.1.). A latex of pure poly(2.5) was 
also synthesised as a reference sample. 
The soap-free emulsion copolymerisations of 2.4 and 2.5 were left to run 
overnight to ensure the highest conversion based on the half life of the initiator (2.7 has 
a half life at 70 oC of ~5 hours) and the final conversion, Xm, was analysed using 
gravimetric analysis. However, conversion was unreliable for the samples containing 
monomer 2.4 due to the relative boiling point of the 2.4 compared to 2.5. Typically 
gravimetry analysis is useful for low boiling point monomers (the boiling point of 2.5 is 
146 oC but the predicted boiling point for 2.4 is 342+/-21 oC according to a Scifinder 
scholar search).38 Conversion would have also been much lower than expected to due to 
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the reactor conditions (using an RBF over a reactor) where coagulation on the stirrer bar 
was strongly visible for the 10:90 wt% poly(2.4-co-2.5) sample. Coagulum was also 
visible on the other latex samples but less than the 10:90 wt% latex sample and for the 
above reasons conversion isn’t reported. 
Table 2.1. Relative quantities of ingredients for the synthesis of poly(2.4-co-2.5) latexes 
and poly(2.5) reference. 
Sample 2.5 (g) 2.4 (g) 2.6 (g) 2.1 (g) 
NaHCO3 
(g) 
H2O 
(ml) 
2.7 (g) 
Reference 
poly(2.5) 
10.0912 0.00 0.20 0.10 0.10 90 0.10 
5.0:95 wt% 
poly(2.4-co-2.5) 
9.5948 0.5119 0.20 0.10 0.10 90 0.10 
10:90 wt% 
poly(2.4-co-2.5) 
9.5456 1.0060 0.20 0.10 0.10 90 0.10 
30:70 wt% 
poly(2.4-co-2.5) 
7.0125 3.0005 0.20 0.10 0.10 90 0.10 
50:50 wt% 
poly(2.4-co-2.5) 
5.0235 5.0031 0.20 0.10 0.10 90 0.10 
All polymerisations were carried out at 70 oC. (a) Initiator 2.7 was dissolved into 1 ml of 
DDI H2O for injection. 
The poly(2.5) and poly(2.4-co-2.5) latexes were cleaned and purified using 
dialysis where the water was changed thrice daily to remove impurities and starting 
materials before further analysis was done. 
2.4.6.3. Particle analysis – dynamic light scattering 
Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter 
(ZAve) of the colloidal particles. The DLS measurements are shown in Table 2.2. where 
each size measurement was an average of 10 sub-runs of 6 s each giving a total 
acquisition time of 1 minute per sample. Each sample was analysed three to five times 
and the average was calculated. Sample preparation is reported in experimental Section 
2.3.6.1.. 
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Table 2.2. DLS size analysis of poly(2.4-co-2.5) and poly(2.5) latexes. 
Sample ZAve (nm) PDI 
Reference poly(2.5) 129.1 0.041 
5.0:95 wt% poly(2.4-co-2.5) 129.7 0.043 
10:90 wt% poly(2.4-co-2.5) 104.0 0.032 
30:70 wt% poly(2.4-co-2.5) 195.0 0.009 
50:50 wt% poly(2.4-co-2.5) 184.2 0.022 
DLS measurements carried out at 25 oC and averaged from 5 measurements. 
From the DLS measurements we notice that the hydrodynamic size decreases 
when only 10 wt% 2.4 is used (compared to the reference poly(2.5) colloids). The 
samples containing 30 wt% and 50 wt% 2.4 show roughly a 50% increase in 
hydrodynamic diameter when compared to the reference. A possible reason for the 
increase in size could be due to partial hydrolysis of the ethyl group. Hydrolysis has 
been shown to occur at 95 oC when heated in water for 2-3 days (see section discussing 
hydrolysis in Section 2.4.8.) and Kamogawa et al reported the hydrolysis of aromatic 
functionalised sulphonate esters occurring at 20 oC.52 Therefore, heating of the emulsion 
to 70 oC could cause partial hydrolysis to occur over the polymerisation times studied. 
Cleavage of the ethyl group from 2.4 would cause a sulfonic acid group to form that 
could affect the affinity of the polymer chains for the aqueous phase. The acidic 
sulfonic acid group would cause electrostatic (or electrosteric) stabilisation to influence 
the double layer hydration sphere around the colloids by hydrogen bond.  
The poly dispersity index (PDI) of all samples shown in Table 2.2. are very low. 
This is in contrast to using 2.1 where the PDI would have increased dramatically above 
2.6 wt% (see Section 2.2.2.1. and Chapter 3 for references). By protecting the 
monomer 2.1 we achieved greater control over the polymerisation nucleation due to the 
lower solubility of 2.4 compared to 2.1 in water. 
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2.4.6.4. Particle analysis – scanning electron microscopy  
As we can see from the SEM images shown in Figure 2.12. the particles have a 
mixture of different morphologies as the amount of 2.4 alters. The reference poly(2.5) 
particles are monodisperse with smooth spherical surfaces. The reference colloids also 
exhibited Bragg diffraction due to the hexagonal packing that shows upon drying 
(Figure 2.12-A.).  
When 5-10 wt% of monomer 2.4 was incorporated into colloidal particles with 
2.5 the dispersity broadened and the particles appeared “patchy” in selected surface 
regions (see Figure 2.12-B. and 2.12-C.). This morphology effect was also observed for 
the 30 and 50 wt% 2.4 samples (see Figure 2.12-D. and 2.12-E.). However, samples 
containing 30 wt% and 50 wt% 2.4 showed monodisperse sizes and exhibited Bragg 
diffraction on drying. A few possible ideas for these changes in shape and morphology 
are discussed below and represented visually in Figure 2.13. 
Random copolymerisation between 2.4 and 2.5 could cause copolymer chains to 
orientate and pack differently inside the particles depending on the relative ratios of 
poly(2.4) to poly(2.5) in each chain. Due to the increased reactivity of 2.4 the 
copolymer may have sections of block structure with poly(2.4) sections followed by 
poly(2.5) sections. The more hydrophilic poly(2.4) sections have a greater affinity for 
the aqueous phase and may phase separate to the particle surface. Poly(2.5) is more 
hydrophobic and therefore would position at the core of the particle generating the 
patchy structures as shown (see Figure 2.12-B.).  
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Figure 2.12. SEM micrographs for 10 wt% solids batch soap-free emulsion copolymerisation colloids, A) 
reference poly(2.5), B) 5.0:95 wt% poly(2.4-co-2.5), C) 10:90 wt% poly(2.4-co-2.5); D) 30:70 wt% 
poly(2.4-co-2.5) and E) 50:50 wt% poly(2.4-co-2.5). All scale bars 200 nm. 
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Figure 2.13. Figure showing possible morphology structures from the soap-free emulsion 
copolymerisation of ESS and styrene. A) formation of block copolymers chains, B) assembly of block 
copolymer chains and phase separation, C) formation of crosslinked primary particles, D) coagulation of 
crosslinked primary particles. 
Further explanation could be caused from partial hydrolysis of the 2.4 both 
before, during or after copolymerisation. Hydrolysis would greatly alter the relative 
hydrophobicity of the polymer that forms and the combination of hydrolysed 2.4 
sections and hydrophobic 2.5 sections could cause the patchy structures as shown. 
Hydrolysis would have been suppressed due to the sodium hydrogen carbonate buffer 
present in the reaction but hydrolysis can occur even without base being present as 
shown by Hasegawa34 and Chen (reference in Chapter 1).53 
Another mechanism could be caused from the coagulative nucleation 
mechanism. Hansen-Ugelstad and Fitch-Tsai (HUFT theory) and Feeney et al (see 
Chapter 1 for references) explained homogeneous nucleation and coagulative 
nucleation mechanisms of primary particles under soap-free conditions. They proposed 
that unstable primary particles formed early in the reaction aggregate to form stable 
colloids. This coagulative nucleation mechanism could result in patchy structures 
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particles due to the incorporation of 2.7 crosslinker that would inhibit the ability for the 
interfacial tension to reduce the surface area (see Figure 2.12-D.). 
When low amounts of 2.4 are copolymerised with 2.5 the primary particles may 
have different amounts of 2.4 and this could affect the coagulative nucleation 
mechanism. Some particles might have gained sufficient charge to be colloidally stable 
or hydrolysed during the copolymerisation generating a charged sulpfonic surface 
charge. Other primary particles might not have sufficient surface charge and will 
coagulate with many primary particles and lead to larger particle sizes. As the particles 
grow from further polymerisation the final sizes and dispersity would have been 
affected by this nucleation period. As the amount of 2.4 increases the cogulation of 
primary particles would be more equal which would lead to monodisperse final particle 
sizes. 
The factors discussed abovecould explain why the morphology changed from a 
smooth morphology for that of poly(2.5) to a patchy morphology for the samples 
containing poly(2.4). These theories could also explain why the dispersity of the 
samples changed when low (5.0-10) and high (30-50) wt% of 2.4 was added.  
The diameters of the poly(2.5) and poly(2.4-co-2.5) samples were measured 
using ImageJ (ImageJ analysis is described in experimental Section 2.3.). The results 
from ImageJ analysis are shown in Table 2.3. detailing the average particle sizes, the 
s.d. and the CV. The particle sizes measured using SEM were in close agreement to 
those measured earlier using DLS but the advantage of SEM is that exact sizes of the 
colloids without the hydration sphere can be measured. SEM also allowed the 
morphology and shaped to be analysed which is not possible using DLS. 
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Table 2.3. SEM analysis of poly(2.4-co-2.5) samples and poly(2.5) reference sample. 
Sample Average diameter (nm) S.D. (nm) CV (%) 
Reference poly(2.5) 116.1 4.7 4.1 
5.0:95 wt% poly(2.4-co-2.5) 113.0 24.1 21.3 
10:90 wt% poly(2.4-co-2.5) 98.7 20.2 20.5 
30:70 wt% poly(2.4-co-2.5) 189.1 15.0 7.9 
50:50 wt% poly(2.4-co-2.5) 180.2 13.6 7.6 
Average particle diameters, standard deviation and coefficient of variation calculated 
using ImageJ software. See Experimental Section 2.3.6. 
2.4.7. ESS incorporation into poly(styrene) colloids 
Determination of the amount of poly(2.4) relative to poly(2.5) into the colloids is 
important and using thermal analysis (TGA and DSC) we tried to qualitatively 
determine the amount of 2.4 incorporated in the samples. This method lacks the 
accuracy as elemental analysis but determination of monomer incorporation is an area 
of interest. The degradation pathway for poly(2.4) was studied in Section 2.4.3. using 
both TGA and DSC. By combining the degradation traces of poly(2.4) using TGA and 
DSC with those from poly(2.5) we can analyse of the percentage of 2.4 in the samples.  
Arunbabu et al used TGA to analyse a series of poly(2.1-co-2.5) copolymers and 
showed that the level of 2.1 in the copolymer affected the degradation profile and 
correlation existed between the level of 2.1 in the polymer and the weight of char 
formed above 500 oC.41 We did the same analysis method using poly(2.4-co-2.5) 
copolymer particles.  
2.4.7.1. Thermal analysis of copolymer particles 
2.4.7.1.1.TGA and DSC of poly(styrene) reference 
A singular weight loss beginning at 380 oC and fully decomposing at 450 oC is 
shown for poly(2.5) as shown in Figure 2.14.. Poly(2.5) decomposes into 2.5, dimer, 
trimer, and tetramer with the evolution of 2.5 being most pronounced (typically 40-50 
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wt%).54-56 The formation of toluene, benzene and methyl styrene from alternate 
decomposition pathways has also been shown for poly(2.5) by Gurman et al.35 Poly(2.5) 
degradation has been studied by Yang et al54 and Peterson et al54 where the degradation 
pathways are discussed with the mechanisms for products formed. Degradation of the 
polymer chains occurs via end chain and random chain scission, intramolecular 
hydrogen transfer and bimolecular termination.56 The DSC for poly(2.5) shows an 
endothermic peak at 407 oC and 420 oC for air and nitrogen respectively which is 
caused by polymer chain degradation. This is in agreement with the TGA trace 
degradation losses. The degradation trace of poly(2.5) in air shows an exothermic peak 
at 427 oC which is caused from oxidative degradation.55 
2.4.7.1.2. TGA and DSC of poly(styrene-co-ESS) particles in Air 
Freeze-drying of the samples prior to analysis allowed more accurate thermal 
analysis data due to the minimisation of the water loss peak. The 5.0:95 wt% and 10:90 
wt% poly(2.4-co-2.5) colloids show a similar trace to that of poly(2.5) reference. A 
slight degradation for a ethyl group is observed (shown in Figure 2.15.) followed by a 
single weight loss at 360-410 oC due to styrene degradation (~95% loss for the 5.0:95 
wt% poly(2.4-co-2.5) sample and 89% loss for the 10:90 wt% poly(2.4-co-2.5) sample). 
However, we do notice that residual weight remained above 420 oC indicating the 
formation of sulphur based fragments with carbon and this was not observed for 
poly(2.5). When the DSC traces are studied for the 5.0:95 wt% and 10:90 wt% poly(2.4-
co-2.5) samples (Figure 2.16.) we observed a similar trend as shown from the poly(2.5) 
reference. No visible hydrolysis peak was observed at 260 oC in the DSC traces and this 
is in agreement with the lack of weight loss observed in the TGA degradation traces. 
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Figure 2.14. TGA and DSC traces for 10 wt% solids poly(2.5) colloids under air and nitrogen 
atmospheres, 23-1000 oC at a heating rate of 10 oC/min. Complete line is TGA, dotted line is DSC. 
 
Figure 2.15. TGA traces for 10 wt% solids poly(2.4-co-2.5) colloids under air atmosphere, 23-1000 oC at 
a heating rate of 10 oC/min. Complete line is poly(2.4-co-2.5) colloids, dotted line is poly(2.4) and 
poly(2.5). 
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Figure 2.16. DSC traces for 10 wt% solids poly(2.4-co-2.5) colloids under air atmosphere, 23-1000 oC at 
a heating rate of 10 oC/min. Complete line is poly(2.4-co-2.5) colloids, dotted line is poly(2.4) and 
poly(2.5). 
The 30:70 wt% poly(2.4-co-2.5) sample is similar to the poly(2.5) trace but a 
slight degradation step is observed at 280 oC (only 3% weight loss). This is significantly 
lower than we would expect if 30 wt% of 2.4 was incorporated into the colloids (an 
ethyl group loss of 6.3 wt% would be expected). Based on the hydrolysis stage we 
clearly incorporated less 2.4 that we had expected but the weight loss does show that 
incorporation must have occurred. We also note that a higher thermal degradation 
stability that was observed after 410 oC which also shows incorporation of sulphur from 
2.4. When the 50:50 wt% poly(2.4-co-2.5) sample was studied we notice a weight loss 
curve that is between the poly(2.4) and poly(2.5) traces. The theoretical weight loss for 
the 50:50 wt% poly(2.4-co-2.5) sample would be 9.2 % for ethyl cleavage. When we 
study the TGA trace we notice a 22% weight loss up to 370 oC. This is likely due to 
thermolysis and partial cleavage of the sulphonate groups as shown with other 
sulphonated polystyrene polymers.32 For poly(2.4) we do not detect a sharp drop in 
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weight from 250-400 oC but a more gradual weight loss.  Assignment of the degradation 
trace is difficult especially from TGA measurements alone. When we study the DSC 
traces we notice an endothermic peak at 260 oC indicating that thermolysis is occurring 
(this temperature correlated with the TGA trace weight loss). 
Between the temperature range 360-410 oC a weight loss of 69% is shown for 
the 30:70 wt% poly(2.4-co-2.5) sample and 45% for the 50:50 wt% poly(2.4-co-2.5) 
sample. This weight loss shows the degradation of poly(2.5). The differences in the 
weight loss of monomer 2.5 may bee due to monomer loss during polymerisation, 
coagulation and potential reactions occurring as monomer gets degraded in the presence 
of oxygen and SO2. After the degradation of 2.5 from the samples we notice an 
exothermic peak in the DSC trace that could be due to further polymerisation of radicals 
to form the thermally stable sulphur products that degrade after 550 oC. From 410-550 
oC the 30:70 wt% and 50:50 wt% poly(2.4-co-2.5) colloids showed a significant plateau 
region, this was also noticed earlier for the poly(2.4) sample (discussed in Section 
2.4.3.). The amount of product that remained up until 550 oC could be largely related to 
the amount of sulphonate groups in the sample and that is dependant on the amount of 
2.4 incorporated. At 410 oC the 30:70 wt% poly(2.4-co-2.5) sample had 23% weight 
remaining and the 50:50 wt% poly(2.4-co-2.5) sample had approximately 35% 
remaining. In comparison sample poly(2.4) showed 50% mass remaining at 410 oC. 
Figure 2.17. shows a graph of the amount of 2.4 in the sample versus the amount of 
sample remaining at 500 oC. We can see a straight line graph for both samples heated 
under an air and nitrogen atmosphere. Due to this linear correlation between the 
percentage of monomer 2.4 in the sample with the remaining weight at 500 oC it appears 
that calculation of the ratio of monomer 2.4 to 2.5 could be possible. So if a sample had 
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a specific weight remaining at 500 oC then we could quantify the relative weight of 
monomer 2.4 in the sample. 
 
Figure 2.17. Graph showing the relationship between amount of ESS monomer in the sample against the 
weight percent remaining after heating to 500 oC in the TGA machine. 
While analysis of the products was not available with the thermal analysis 
equipment available so the product structures could not be determined. The 30 wt% and 
50 wt% samples show a further exothermic peak from 550-700 oC indicating the 
combustion and oxidative degradation of the samples. 
2.4.8. Hydrolysis of ESS incorporated poly(styrene) colloids 
The combined TGA and DSC traces (Figure 2.14. and 2.15.) showed that the 
first degradation product is the thermolysis of ethyl radicals. In this section we wanted 
to study the effects of hydrolysis on the sample. Studies have shown that ethyl, butyl 
and neopentyl protecting groups can be cleaved under specific conditions. Monomer 2.3 
was shown to cleave in 30 minutes at 150 oC by Okamura et al27 and Baek.28 They 
showed that using trimethylsilyl iodide at room temperature could cause thermolysis. 
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Woeste et al29 and Biesalski et al57 showed that base catalysed hydrolysis could occur 
for 2.4 using ammonium carbonate at 50-70 oC for <60 hours. Hasegawa et al34 and 
Chen et al53 both reported hydrolysis at 95 oC for 24 hours. Lienkamp et al used NaOH 
at 80 oC for 3 hours to hydrolyse the 2.4.58 Sikkema63 showed the use of sodium azide in 
causing hydrolysis and summarised previous work using other bases for base catalysed 
hydrolysis.59 The review on protecting groups by Miller showed a variety of hydrolysis 
methods involving sodium iodide, piperidine, sodium azide, sodium hydroxide, Fe, HBr 
and BBr3.
25 All hydrolysis methods showed different hydrolysis capability for different 
protected sulphonate esters where some showed complete hydrolysis, some hydrolysed 
partially and many did not hydrolyse at all. 
Studying hydrolysis of the poly(2.4-co-2.5) functionalised particles was needed 
to confirm whether selective hydrolysis of the ethyl group could occur. We decided to 
use a slight modification from previous literature studies and decided to use 
temperature. In order to study hydrolysis of colloidal particles we decided to heat the 
sample to a high temperature without the use of base. This was tested using an 
Autoclave (high temperatures under constant pressure to prevent boiling of water). The 
sample was heated to 220 oC in the autoclave for ~8 hours and TGA and DSC traces 
were measured.  
2.4.8.1. TGA and DSC of poly(styrene-co-ESS) colloids after thermolysis 
The TGA and DSC data for the 30:70 wt% poly(2.4-co-2.5) sample after 
autoclaving for ~8 hours is shown in Figure 2.18.. We can clearly see that the majority 
of both the TGA and DSC spectra are identical to the sample before autoclaving 
meaning that the sample has not altered or degraded. The main noticeable difference is 
at 283 oC. Before autoclaving we observed a 3% drop in weight due to ethyl cleavage 
and after autoclaving we notice this drop in mass had disappeared. This change in 
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weight loss also correlates well with the DSC trace. The original DSC trace showed a 
small endothermic peak at 280 oC and after autoclaving this endothermic peak has 
disappeared. This shows that hydrolysis has probably occurred under the conditions of 
the autoclave. A drop in weight also occurs up to 120 oC which is attributed to the loss 
of water. Nasef,33 Hasegawa et al34 and Suleiman et al60 observed this same loss of 
weight from poly(styrene sulphonic acid) caused by the hydroscopic nature of sulphonic 
acid groups retaining moisture. 
 
Figure 2.18. TGA and DSC traces for 10 wt% solids 30:70 wt% poly(2.4-co-2.5) colloids under air 
atmosphere before and after ~8 hours in an Autoclave at 240 oC. Heating range 23-1000 oC at a heating 
rate of 10 oC/min. Complete line is TGA curves and the dotted line is the DSC traces. 
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2.5. Conclusion 
In this chapter we discussed the synthetic methodology for the preparation of 
intermediate 4-vinylbenzenesulfonyl chloride synthesised from precursor 4-
vinylbenzenesulphonate (NaSS). We then report the synthesis of two protected 
sulphonate monomers neopentyl 4-vinylbenzenesulphonate (NSS) and ethyl 4-
vinylbenzenesulphonate (ESS). NSS synthesis required column purification but ESS 
was synthesised with simpler purification procedures (filtration). Bulk polymers of 
poly(NSS) and poly(ESS) were synthesised and subjected to TGA and DSC analysis to 
study the degradation stages and showed a loss of the ethyl group at 185-188 oC for 
NSS and 258-260 oC for ESS. NSS was tested using soap-free emulsion 
copolymerisation with styrene and DVB but due to the lower hydrolysis temperature we 
continued the experiments with ESS (ESS was easier to synthesise in bulk quantities as 
well) 
Batch soap-free emulsion copolymerisation of ESS alongside styrene and DVB 
was carried out using KPS initiator to synthesise a 10 wt% latex composing of 5.0, 10, 
30 and 50 wt% of ESS monomer relative to styrene. The particle sizes were all within 
100-200 nm as measured using DLS and SEM. Larger particle sizes were observed for 
the 30 wt% and 50 wt% poly(ESS-co-styrene) latexes with very low dispersity. Using 
SEM we were able to visualise broader particle size distributions for the 5.0 and 10 wt% 
poly(ESS-co-styrene) colloids caused by secondary nucleation. 
Following the synthesis of polymer particles incorporating ESS monomer 
TGA/DSC analysis was used to determine the relative loadings of ESS monomer in the 
latex particles. The results indicated that the loadings were lower than the predicted 
values based on the amount of ESS added due to mixing and coagulation problems. 
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However, the results did indicate that ESS monomer was incorporated into latex 
particles due to the weight loss curves shifting between the traces for pure poly(styrene) 
and  poly(ESS). The formation of high temperature residue above 500 oC also indicated 
the formation of sulphur based products and was used to determine the relative 
percentage of ESS incorporated into the colloids.  
Hydrolysis or thermolysis of the protected particles was carried out by high 
temperature heating (240 oC ) in an autoclave for ~8 hours. TGA and DSC analysis 
indicated that no more degradation of the ethyl group occurred and that the polymer 
particles had been hydrolysed releasing their protecting group. 
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Chapter 3 - Nanogel decorated nanoparticles and 
functionalisation using thiol-Michael addition 
3.1. Abstract 
In this chapter we report the synthesis of hydrophobic and hydrophilic 
monodisperse seed particles produced using the soap-free emulsion polymerisation of 
styrenic and acrylic monomers. The seed particles were decorated using nanogel 
particles formed from di-, tri-, and penta-/hexa- functional crosslinking monomers. The 
decoration of the seed nanoparticles led to raspberry-like and core-shell latex particles 
with increased surface areas and roughness. SEM was used to visualise the morphology 
and sizes of the seeds and decorated nanoparticles. The effects of the seed 
hydrophobicity were investigated where hydrophilic seeds led to core-shell particles and 
hydrophobic seeds led to raspberry-like particles. Unreacted pendant vinyl groups were 
quantified and analysed using Raman microscopy and both infra-red and nuclear 
magnetic resonance were unable to prove vinyl group presence. Thiol-Michael addition 
reactions between the pendant vinyl groups and various charged thiols were 
accomplished using a nucleophilic amine catalyst. Post thiol-Michael addition a 
decrease in the percentage of vinyl groups was observed using Raman microscopy. 
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3.2. Introduction 
In this chapter we aimed to synthesise decorated or core-shell type particles with 
increased surface area and a soft adhesive shell. We also wanted pendant vinyl groups 
to remain to post functionalise the colloidal particles where the vinyl groups could be 
reacted under ambient conditions to impart charged group functionality. 
3.2.1. Decoration of nanoparticles with raspberry and core-shell 
type morphologies 
Many studies have been done using seed latexes with the aim to create decorated 
or core-shell type particles. Many advantages exist for decorated particles including an 
increased surface area useful for catalysis or adhesion to a substrate, surface roughness 
or altered Tg’s between the shell and seed polymers which affects the mechanical and 
physical properties post film formation. A variety of different morphologies of 
nanoparticles have been synthesised to date with extensive studies from the Okubo 
group. Example morphologies include core-shell,1-10 raspberry,8-14 popcorn,10 
confetti,10,15 snowman,10,15-16,20-22 golf ball like,17 discs and polyhedral,18 inverted core-
shell particles2-3,19 and dumbbell particles.20-22 Examples of some of the above 
mentioned morphologies are shown in Figure 3.1.. Simulation and computational 
studies by Ferguson et al led to the conclusion that both thermodynamic and kinetic 
factors can play a crucial role in the synthesis of different morphologies.23 It was 
reported that decreasing the seed radius, increasing solids content and the use of 
starved-feed conditions were the most important factors for preventing the formation of 
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secondary particles.23 The formation of secondary particles in the polymerisation leads 
to dispersity and poor control over the morphology. 
The main factor that influences the morphology of nanoparticles ais the 
hydrophobicity of the core and shell polymers where typically a hydrophobic core and 
hydrophilic shell form core-shell structures.1 Inverted core-shell structures can be 
synthesised by crosslinking the seed particles and inhibiting absorption of radicals or 
polymers.2-3,10 Typically the synthesis of core-shell structured nanoparticles requires 
controlled feeding of the shell forming polymer to a seed system under starve-fed 
conditions or dispersion polymerisation. 1-3,6,10,15,17-18,23 Alternatively the synthesis of a 
core-shell structure can occur when the system is heated and phase separation of the two 
polymers can occur. Another method for altering the morphology utilises phase 
separation of two polymers. Using two different polymers with different Tg values can 
enable one polymer to phase separate under increased temperature (this can be 
influenced by crosslinking). This can lead to a lobe or lobes protruding from the surface 
synthesising dumbbell, snowman20-22 and popcorn particles or complete engulfment of 
the seed can produce core-shell structures.5,9-10,19 Heterocoagulation between two 
particles using either electrostatic4-5,8,11-12 or hydrogen bonding interactions14 leads to 
the formation of raspberry-like particles.4,11-13 Further treatment of the raspberry-like 
particles can lead to core-shell morphologies by heating the shell forming particles 
above the Tg and allowing surface wetting.4-5,8 Chaudhuri and Paria recently published 
a review stating core-shell type morphologies using various organic and inorganic cores 
and shells and documented both synthetic methodology and applications of such 
particles.7 Recently in 2013 Gaulding et al discussed the formation of microgel 
poly(NIPAM) particles and the template driven adhesion onto micron sized polymer 
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seeds creating raspberry-like particles where the microgel particles are responsive to 
multiple stimuli.24 Microgel particles are highly appealing for particle decoration due to 
the post functionalisation of pendant vinyl groups that remain. 
 
Figure 3.1. SEM micrographs showing a few morphologies of colloidal particles synthesised by the 
Okubo group [Reproduced from reference 18]. 
3.2.2. Microgel particles with pendant vinyl groups 
Vinyl groups or olefins have been a great interest over the past century due to 
the breadth of reactions that can be carried out. Synthesis of particles with pendant vinyl 
groups usually employs the use of crosslinkers such as divinylbenzene25-28 (DVB) or 
ethylene glycol dimethacrylate29-30 (EGDMA) using either dispersion or emulsion 
polymerisation techniques. Yamamoto et al,25 Okubo et al26 and Bon et al27 have shown 
that pendant vinyl groups remain from the emulsion and dispersion polymerisation of 
DVB. They reported that during polymerisation the first vinyl group in DVB provides 
steric factors and an increased viscosity that reduces the polymerisation rate of the 
second vinyl group leaving many vinyl groups unreacted. Saunders et al29 and Downey 
et al31 studied the synthesis of poly(DVB) microspheres via dispersion polymerisation 
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and noted that the microgel structure has a crosslinking gradient from the inside to the 
outside of the particles where the particle surface contains the most pendant vinyl 
groups.29-31 Two review articles by authors Saunders et al29 and Srivastava32 provided 
concise reviews on the formation of microgel particles from past five years. Srivastava 
emphasises the use of methyl methacrylate (MMA) based microgels showing the effects 
of crosslink density and Tg32 and Saunders et al focuses on all microgel types including 
DVB, EGDMA and NIPAM. Saunders et al and Srivastava discuss the theory behind 
microgel formation and swelling parameters according to Flory theory as well as the 
internal structure of microgel particles prepared via soap-free emulsion 
polymerisation.29 
3.2.3. Olefin based reactions. 
The so called “click” reactions were originally developed in the 1940-50’s as 
simple organic reactions until in 2001 Sharpless et al reinvented the term “click” 
chemistry. He proposed that building on simple synthetic chemical reactions we could 
try and mimic nature and allow the attachment of two species together.33 This idea was 
developed to provide simple reactions that could give high yield and high specificity 
products in a range of benign solvents and conditions with a high scope of reactions and 
products.33 Such click reactions include thiol-ene and thiol-Michael,34-41 thiol-epoxy,34-
35 thiol-isocyanate,34-35 thiol-halogen34-33 and the thiol-yne34-35 addition reactions. These 
reactions typically proceed via two mechanisms of initiation, free-radical (thermal or 
UV initiated)34-37 and catalytic (acidic catalysed, base catalysed and nucleophilic 
catalysed).34-35,37-41 Over the last decade olefin based chemical reactions have become 
much more popular in materials chemistry due to the simplicity of the reactions. Click 
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reactions can synthesise polymers, block copolymers, star and hyperbranched 
polymers.34-35,37-39 They can functionalise the surface of particles or flat surfaces with 
any functional group or polymer chain.3435,37,40-41 Thiol chemistry allows tailoring of 
micellar structures34,37 and formation of responsive polymer networks.34-37,39 Many 
recent reviews by authors Hoyle, Bowman, Lowe and Chan have studied the vast range 
of chemical conditions and reactions between various click reactions. They discuss 
thiol-ene, thiol-yne and 1,3-Huisgen cycloaddition and report the different initiators and 
applications as well as the versatility of the reactions.34-35,37-39 Van Berkel et al studied 
the addition of polyethylene glycol (PEG) chains to the surface of poly(DVB) particles 
using radical thiol-ene chemistry.42 Goldman et al also reported the synthesis of 
poly(DVB) microspheres and the post functionalisation using thiol-ene to add 
poly(NIPAM) chains to the surface.43 An alternative method for the attachment of 
poly(alkyl methacrylate) chains was reported by Zheng et al who used atom transfer 
radical polymerisation (ATRP).44-45 
3.2.4. Decorated colloidal particles with pendant vinyl groups for 
post functionalisation 
In this chapter we aimed to synthesise decorated raspberry or core-shell type 
nanoparticles where the decoration consists of a polymer nanogel shell to give an 
increased surface area and pendant vinyl groups. Following the synthesis of decorated 
particles with vinyl groups we wanted to post-functionalise using a simple versatile 
technique that can be utilised in water with a range of functional groups. For this reason 
we chose the increasingly useful thiol-Michael addition reaction. 
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3.3. Experimental 
3.3.1. Materials 
Styrene, methyl methacrylate (MMA), ethyl methacrylate (EMA) and poly 
ethyleneglycol methyl ether acrylate average Mn 480 (PEGMEA) were purchased from 
Sigma-Aldrich at >99% purity and used as received. Sodium hydrogen carbonate 
(NaHCO3) and potassium persulphate (KPS) were purchased from Sigma-Aldrich at 
>99% purity and used as received. Sodium 4-vinylbenzenesulphonate (NaSS) was 
technical grade (90%) and was used as received. Deionised water was used for all 
reactions and dilutions. Crosslinkers di-(ethyleneglycol) di-acrylate (DEGDA) and 
penta-erythritol triacrylate were technical grade (75% assay) from Sigma-Aldrich and 
were all used as received (the lower purity could be due to mono DEG acrylates, 
DEGDA dimers and PEG diacrylates). Di-penta-erythritol penta-/hexa acrylate was 
purchased from Sigma Aldrich at 99% and used as received. Sodium 3-mercapto-1-
propanesulphonate (MPS, technical grade, 90%), isobutylamine (99.0%), L-cysteine 
(≥97%) and pentaerythritol tetrakis(3-mercaptopropionate) were all used as supplied 
from Sigma Aldrich. 
3.3.2. Equipment 
Emulsion polymerisations were carried out in double-walled cylindrical glass 
reactors (250 ml, Asynt) equipped with an external heating bath (Julabo F-25 unit) and a 
four-bladed overhead Teflon stirrer (Cowie Ltd) approximately 1cm from the bottom of 
the reaction vessel. Typical reactor stirrer speeds were 275 rpm for emulsion 
polymerisation. Harvard syringe pumps were used to feed in the crosslinking monomers 
with a precision of ±0.00005 ml/min. Average hydrodynamic particle sizes and 
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dispersities were measured by dynamic light scattering using a Malvern Zetasizer Nano 
(data was analysed using the CONTIN algorithm). SEM analyses were performed using 
a Zeiss Supra 55VP FEG-SEM with an EBSD camera and the samples were prepared on 
silicon wafers (provided by Wacker Chemie AG). SEM samples were sputter coated 
using Au/Pd for the seed particles and using the carbon coater for the irregular shaped 
particles with sputter times of 1000 mS and two repeat coatings. A 4 digit analytical 
balance (Precisa XT 220A) was used for accurate measurements of the monomers, 
comonomers, initiator and crosslinkers and also for measuring conversion of the latexes. 
FT-IR measurements were completed using a Perkin Elmer FT-IR Spectrometer 100 
with ATR attachment using a scan number of 16 per sample at 4 cm-1 resolution. The 
13C SSNMR samples were submitted and run by Jonathan Lamley (Dr Jozef 
Lewandowski group) using a Bruker 13C CP-MAS NMR Avance III 500 MHz 1H 
Larmor frequency spectrometer with a 2.5mm HXY probe (in double resonance mode 
with 20 kHz spinning frequency). The Raman microscope was a Renishaw inVia model 
with a 514.5 nm Argon laser and a Renishaw CCD detector for visible to near-IR. 
Samples acquisition was 60 s with 5 runs per sample to reduce the signal to noise ratio 
enough for smooth spectra. 
3.3.3. Soap-free emulsion polymerisation of seed particles 
Typically, ~0.10 g NaSS (1 wt% based on monomer) and ~0.10 g NaHCO3 were 
dissolved into ~90 ml de-ionised water and purged with nitrogen for 45 mins to remove 
oxygen. The monomer, ~10.0 g (Sty, MMA, EMA or Sty-co-PEGMEA), was injected 
into the reactor and purged for a further 10 minutes (to avoid monomer evaporation). 
The reaction was heated to ~70 oC and left for 5 minutes to equilibrate. The 
polymerisation was initiated by injecting ~0.10 g KPS dissolved in ~2.0 ml degassed 
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de-ionised water into the reactor and the nitrogen pressure was reduced. See Table 3.1. 
for exact compositions for seed particles. 
Polymerisation times were 20 hours for styrenic seeds and 5-8 hours for the 
acrylic seed latexes. Conversion of the seed latexes was analysed using gravimetry and 
Particles sizes and morphologies were analysed using a combination of both DLS and 
SEM. The latexes were dialysed twice daily for two weeks to remove water-soluble 
starting material and monomer. The dialysis tubing showed Bragg diffraction and this 
was observed for the dried latex films indicating the monodispersity.  
3.3.3.1. Gravimetric analysis of seed latexes 
Gravimetry was calculated using Equation 3.1.. Sample was removed from the 
reaction at regular intervals and post polymerisation. Samples weight was recorded as 
soon as the sample was removed (Mwet) and after the water had evapourated (Mdry) and 
the values were used in the equation.  
 Equation 3.1. 
Where MSolid is the mass of solids in the system, MTotal is the total mass of the 
system and MMonomer is the initial amount of monomer. The ratios account for the 
volatile and non-volatile compounds other than the monomer and polymer, respectively. 
So by adding the numbers into the equation allows the instantaneous conversion, Xm, to 
be calculated for a given time that the sample was removed at. This is useful for 
measuring how long the polymerisation takes to complete, or at least achieve maximum 
conversion. 
 















Monomer
Total
Total
Solid
wet
dry
m
M
M
M
M
M
M
X
Chapter 3 – Nanogel decorated nanoparticles and functionalisation using thiol-Michael 
addition 
 
 
91 
3.3.4. Deposition of crosslinked particles onto the seed surface 
The seed latex (~25.0 ml) was diluted to ~100 ml using deionised water in a 
reaction vessel followed by purging with nitrogen for ~45 minutes to remove oxygen. 
The reaction was heated to ~70 oC and left for 5 minutes to equilibrate. KPS (~0.05g) 
dissolved in ~1.0 ml degassed deionised water was injected into the reaction vessel to 
begin initiation and the nitrogen pressure was reduced during polymerisation. The 
crosslinking monomer was injected into the reaction vessel 10 minutes after initiation 
occurred. Monomer feed rate of 0.11 ml/min was controlled using a Harvard precision 
syringe pump and syringe tubing (2 mm internal diameter). The crosslinkers used and 
their relative amounts are shown in Tables 3.3. and 3.5.. The addition of all crosslinking 
monomer into the reaction was followed by 30 minutes of polymerisation time before 
cooling the reaction to room temperature. The particles sizes, polydispersity index and 
particle morphologies were analysed using a combination of DLS and SEM (see 
Experimental Section 2.3.6. in Chapter 2 for details about sample preparation, 
acquisition and ImageJ analysis). 
3.3.5. Thiol-Michael addition to decorated latexes 
Using glass screw cap vials 10 ml latex was added with a small stirrer bar and 
placed on a simple stirrer plate. To this latex solution 0.1 g of thiol (four thiols were 
tested -sodium 3-mercapto-1-propanesulphonate, isobutylamine, L-cysteine, and 
pentaerythritol tetrakis(3-mercaptopropionate) was added and was allowed to mix for 
approximately one hour before 100 µL isobutylamine catalyst was added. The vial was 
sealed and then left to stir for two days to ensure completion. Following the reaction the 
latex was dialysed against deionized water for one weak changing the water thrice daily. 
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3.4. Results and iscussion 
3.4.1. Preparation of hydrophobic sulphonated poly(styrene) seed 
nanoparticles 
Initially a monodisperse 10 wt% latex was prepared by emulsifier free emulsion 
polymerisation of styrene (referred to as 2.5, see Figure 2.10. in Chapter 2 for 
structure). The polymerisation was carried out at 70 oC using 2.5, 1 wt% NaSS (referred 
to as 2.1, structure found in Scheme 2.1. in Chapter 2) and potassium persulphate as 
the initiator (referred to as 2.7, structure shown in Figure 2.10. in Chapter 2). For the 
exact latex ingredients refer to Table 3.1..  
Table 3.1. Recipe for the preparation of 10 wt% poly(2.5) seed latex. 
Sample 
Monomer 
(g) 
NaSS 
(g) 
NaHCO3 
(g) 
H20 
(ml) 
KPS(a) 
(g) 
Xn(b) 
Polymerisation 
time (hours) 
Poly(2.5) 10.10 0.10 0.10 90 0.10 0.91 20 
Reaction temperature 70 oC. (a) Initiator 2.7 was dissolved into 1 ml of DDI H2O. (b) 
Conversion measured by gravimetry (see experimental). 
Monomer 2.5 was chosen due to the high Tg value (100 
oC for poly(2.5) 
allowing easier SEM analysis (latex particles with low Tg values film form when dried 
causing difficulty in particle size measurements). The addition of 1 wt% 2.1 controlled 
the particle sizes at 119 nm (s.d. 5.2 nm) with a CV of 4.4% as characterized by SEM 
(Figure 3.2-A. and 3.2-B.) and 129 nm from DLS measurements (Table 3.2.). 
Measurements using DLS gives larger particle sizes than observed using SEM due to 
the addition of the hydration sphere (double layer) surrounding the particle that is 
required for colloidal stability. A low polydispersity index (PDI) is observed using DLS 
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with value of 0.041 (Table 3.2.) and the SEM images showed a hexagonal packed 
structure when dried (see Figure 3.2-A.).  
 
Figure 3.2. SEM micrographs of 10 wt% seed latex using batch soap-free emulsion polymerisation with 1 
wt% 2.1 (based on monomer) and 2.7 initiator at 70 oC. A) poly(2.5) seed, B) close up of a particle for 
poly(2.5) seed. Scale bars are 200 nm for A and 100 nm for B. 
Table 3.2. Size analysis of poly(2.5) seed latex using DLS and SEM. 
Sample ZAve
(a) (nm) PDI(a) Particle diameter(b) (nm) 
S.D. 
(nm) 
CV 
(%) 
Poly(2.5) 129.0 0.041 119.4 5.2 4.4 
(a) DLS measurements carried out at 25 oC and averaged from 5 measurements. (b) 
Average particle diameters, standard deviation and coefficient of variation calculated 
using ImageJ software (see experimental). 
The particles sizes of the sulphonate stabilised latex are controlled by the 
addition of more or less ionic comonomer 2.1 as reported by Juang et al46 and Kim et 
al.47 They reported a maximum loading of 2.6 wt% 2.1 using batch soap-free emulsion 
polymerisation with 2.5 and showed that after 2.6 wt% 2.1 the particle size distribution 
increases. This increase in the size distribution is caused from increased amounts of 
sulphonated polyelectrolyte chains’ forming in the aqueous phase thus affecting the 
aqueous nucleation mechanism i.e. more nucleation occurs in the aqueous phase. Kim et 
al also showed that the surface charge density of sulphonate groups at the surface 
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reached a maximum of 35 uC cm-2 and the poly(2.1) chains physically adsorb onto the 
particle surfaces creating hairy polyelectrolyte stabilised colloids.47 
3.4.1.1. Decorating of poly(styrene) seed nanoparticles with 
poly(DEGDA) particles 
Initial studies were carried out using a 2.5 wt% dialysed poly(2.5) seed latex 
where initiator 2.7 was injected at 70 oC. Crosslinking monomer di-ethylene glycol di-
acrylate (DEGDA, referred to as 3.1, structure shown in Figure 3.3.) was fed into the 
reactor at a controlled rate under soap-free monomer starved conditions (see 
experimental for polymerisation setup and Table 3.3. for exact amounts). In previous 
literature studies the starve fed addition of crosslinking monomers leads to the 
formation of core-shell and inverted core-shell type structures as shown by Hergeth et 
al1 and Kirsch et al.3 The particle structure is controlled by both hydrophobicity of the 
seed relative to the shell forming polymer and by the inhibition of secondary particle 
nucleation which leads to bimodal size distributions. 
 
Figure 3.3. Structure of di-(ethyleneglycol) di-acrylate (DEGDA). 
The size measurements from both DLS and SEM are shown in Table 3.4., also 
noted is the contact angle measured between the seed and the decorating nanogel 
particles which was measured from the SEM images. DLS measurements showed an 
increase in the hydrodynamic diameter from 129 nm to 166 nm where the PDI remains 
low between 0.020 and 0.075. The progressive size increase as observed by DLS gave 
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an indication that the size increased relatively proportionally and following this SEM 
analysis was used to determine the sizes and morphology of the particles produced.  
Table 3.3. Recipe for the preparation of poly(3.1) decorated poly(2.5) latex. 
Sample 
Seed latex 
(ml) 
H20 (ml) KPS
(a) (g) 
Total 3.1 
added (ml) 
Poly(3.1) decorated poly(2.5) 25 75 0.05 2.5 
Feed rate of 3.1 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was dissolved into 
1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.1 was added. Reaction 
quenched 30 minutes after feed ended. 
The SEM images (shown in Figure 3.4.) showed coverage of the seed 
nanoparticles surfaces by smaller particles followed by growth of the covering 
nanoparticles. At low 3.1 additions we notice the coverage of the seed by small nanogel 
particles and the nanogel particles increase in size as more 3.1 is fed in. The nanogel 
particles consist of crosslinked poly(3.1) latex particles. Typically each poly(2.5) 
particle has roughly the same number of decorating particles decorating the surface but 
the orientation of the particles appears random. No ordered surface packing of particles 
is visualised meaning no strong repulsive forces are present that control the nanogel 
locations. When we count the decorating particles on a single face and double the 
number we get a value of 7-12 nanogel particles per seed. However, as 3.1 is fed into 
the polymerisation with the rate of addition kept constant the number of decorating 
particles on the surface does not increase. The decorating particles increase in size (see 
Figure 3.4-K.) and the poly(3.1) nanogel particles grow to nearly half the diameter of 
the poly(2.5) seed particles in some cases. Secondary particle nucleation in the aqueous 
phase was also observed especially when the amount of 3.1 exceeds 2.0 ml 3.1 and is 
likely due to seed saturation where the surface area has achieved maximum surface area 
coverage.  
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Figure 3.4. SEM micrographs of 2.5 wt% poly(2.5) seed latex with the starve-fed soap-free addition of 
3.1,  A) reference poly(2.5) seed, B) close up of a poly(2.5) seed particle, C) 0.5 ml 3.1, D) close up of the 
particles using 0.5 ml 3.1, E) 1.0 ml 3.1, F) close up of particles using 1.0 ml 3.1, G) 1.5 ml 3.1, H) close 
up of the particles using 1.5 ml 3.1, I) 2.0 ml 3.1, J) 2.5 ml 3.1, K) close up of the particles using 2.5 ml 
3.1. All scale bars are 200 nm except for B which is 100 nm. 
As 3.1 is fed into the reaction vessel the decorating particles grow in size due to 
a combination of swelling with monomer as described by Flory (which is heavily 
dependant on the degree of crosslinking)29 or from polymerisation occurring at the 
surface. The step growth of poly(3.1) nanoparticles is shown in Figures 3.4-G. to 3.4-
K. where a significant growth of the poly(3.1) particles is observed. The increase in 
decorating particle sizes appears to be random where some particles grow significantly 
more than others. The growth of some nanogels over others is likely due to in-
homogeneity in the crosslinked networks for each polymer nanogel and diffusion 
limited growth.  Some nanogel particles could be more cross-linked and some particles 
might adsorb more monomer and grow to larger sizes. The SEM images were analysed 
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using ImageJ to determine the average particle sizes for different amounts of 3.1 
injected into the polymerisation as reported in Table 3.4.. Typically the poly(3.1) 
particles begin with an average size of 39 nm and grow to be up to 69 nm in size (69 nm 
is half of the seed latex particle size). The decorating particles did not spread efficiently 
over the seed surface as shown by large contact angles of 110-130o. Contact angles were 
difficult to measure for the poly(3.1) decorated poly(2.5) seed due to vast differences in 
sizes of the nanogel particles. The lack of spreading is caused by the differences in 
hydrophobicity between the poly(2.5) seed and the poly(3.1) particles. Poly(3.1) will 
have a greater affinity for the aqueous phase due to the semi-porous crosslinked nanogel 
structure and the polarity of the ethylene glycol groups. The decorating nanogel 
particlesand therefore position them to have the most surface in the aqueous phase and 
less interaction with the hydrophobic seed particles.  
We propose the following mechanism for the formation, adhesion and growth of 
the crosslinked nanogel particles as shown in Figure 3.5.. The monomer 3.1 is a 
relatively hydrophilic monomer and will polymerise in the aqueous phase until a certain 
molecular weight has been achieved. After polymer formation occurs the polymers will 
diffuse to the seed particle surface where they will penetrate the outer shell. Due to the 
high Tg value of 100 oC for pol(2.5) compared to the reaction temperature (70 oC) the 
polymers will likely only diffuse to the shell and not the core of the seed particles as 
discussed by Sundberg et al (see next paragraph). Polymerisation and growth will cause 
the polymers to crosslink and swell until polymer particles are formed that will try to 
position them into the aqueous phase. Due to the crosslinking of the nanogel particles 
that locate at the seed surface a degree of spreading can occur where for the 
hydrophobic seed and hydrophilic nanogel particles the degree of spreading is minimal 
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due to unfavourable conditions. The relative eleasticity of amount of spreading that the 
nanogel particles can achieve will be dependant on the mechanism for crosslinking 
(intermolecular or intramolecular crosslinking is discussed on Page 98). Secondary 
nucleation is visible at greater crosslinking monomer amounts due to a combination of 
seed surface saturation and crosslinking or branching of polymer chains before they are 
able to diffuse and penetrate the seed particles. They will then form primary particles in 
the aqueous phase where sufficient stability will be caused by the ethylene glycol chains 
in the nanogel particles. 
Sundberg et al studied the effects of polymer diffusion into seed particles for 
non crosslinked seed particles and second stage polymers and later discussed the use of 
a crosslinker in the second stage.48 He proposed that the monomer will propagate in the 
aqueous phase and diffuse into the seed particles where the diffusion into the seed is 
heavily affected by the Tg of the seed particles (discussed more in Section 3.4.6.2. for 
poly(3.1) decorated poly(3.4)). Sundberg et al discussed that once a radical chain 
becomes part of a crosslinked polymer network that it will no longer be able to diffuse 
into particles. He also discussed that crosslinking or branching of a polymer chain will 
most likely only occur after diffusion into the particle could occur (most particle 
penetration occurs within the first 10-20 propagation steps) and so a crosslinker will not 
affect the diffusion into the seed particles. 
The same deformation of microgel particles has been shown by Gaulding et al24 
where poly(NIPAM) microgel particles adhered to micron sized poly(styrene) seed 
particles. Gualding et al reported that the microgel particles can be thought of as 
somewhere between hard rigid spheres and soft deformable jelly so as the particles 
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attach to a surface they can deform and spread depending on the relative degree of 
crosslinking. The microgel particles have elastic properties and can deform over the 
seed surface thus providing surface coverage. This affects the packing potential of 
particles at the surface (similarly hard microgel particles will have less deformation and 
so more surface packing is visualised).  
 
Figure 3.5. Image showing the growth of polymer chains and penetration and growth inside seed 
particles. A) seed particle, B) Initiator polymerising with polymer creating polymer chains, C) diffusion 
of polymer chains into the seed particles, D) phase separation of polymer nanogel particles at the surface, 
E) and F) further swelling and growth of phase separated nanogel particles. 
In 2005 Bouvier-Fontes et al reviewed the crosslinking of di-acrylates and 
showed that shorter di-acrylate monomers have a greater chance for primary cyclisation 
(intramolecular crosslinking) of the same polymer chain.49 Primary cyclisation of short 
di-acrylates lead to more elastically inactive polymers.50 However, longer di-acrylate 
monomers have a reduced chance for primary cyclisation due to the distance between 
the vinyl groups and therefore the polymer is more favourable for both secondary 
cyclisation and crosslinking reactions (intramolecular crosslinking and intermolecular 
crosslinking). As the chain length of the di-vinyl monomer increases polymers with 
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higher crosslinking density and elasticity form. Using different multifunctional 
crosslinking monomers (tri-, tetra-, penta- and hexa-) will alter this crosslinking density 
further as the distance between vinyl groups’ changes thus inhibiting cyclisation 
polymerisation.  
Analysis was studied on the formation of microgel particles using bulk and 
emulsion polymerisation by Tobita et al.28 They reported that during emulsion 
polymerisation the amount of crosslinking is relatively high from the very beginning of 
the polymerisation due to the differences in the amount of polymer. In bulk 
polymerisation the crosslink density increases as polymerisation progresses due to an 
increase in polymer concentration over time whereas for emulsion polymerisation the 
polymer concentration inside the locus of polymerisation is high from the start. 
To overcome the lack of surface spreading and decorating particle packing for 
the hydrophobic poly(2.5) seed we tried two different approaches.  
1) Modifying the poly(2.5) seed to become more hydrophilic or changing to a 
hydrophilic monomer e.g. acrylic seed particles 
2) Varying the decorating crosslinker by using multi-functional acrylates instead 
of di-acrylates 
3.4.2. Preparation of hydrophilic sulphonated poly(styrene) seed nanoparticles 
We next copolymerised 2.5 with 5 wt% poly(ethylene glycol) methyl ether 
acrylate (PEGMEA, referred to as 3.2, see Figure 3.6. for structure) using batch soap-
free emulsion polymerisation to synthesise a more hydrophilic styrenic seed latex (see 
Table 3.5. for the recipe). The seed will be slightly more hydrophilic due to the 
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increased water solubility of the PEG chains incorporated into the nanoparticles (water 
solubility of 3.2 is 1.090 g/L at 25 oC). The monomer 2.5 has a water solubility of 0.03 
g/L so is very hydrophobic. 
 
Figure 3.6. Structure of poly ethyleneglycol methyl ether acrylate average Mn 480 (PEGMEA). 
Table 3.5. Recipe for the preparation of 10 wt% poly(2.5-co-3.2) seed latex. 
Sample 
2.5 
(g) 
3.2 
(g) 
NaSS 
(g) 
NaHCO3 
(g) 
H20 
(ml) 
KPS(a) 
(g) 
Xn(b) 
Polymerisation 
time (hours) 
Poly(2.5-co-
3.2) seed 
9.52 0.51 0.10 0.10 90 0.10 0.81 8 
Reaction temperature 70 oC. (a) Initiator 2.7 was dissolved into 1 ml of DDI H2O. (b) 
Conversion measured by gravimetry (see experimental).  
 
Table 3.6. Size analysis of poly(2.5-co-3.2) seed latex using DLS and SEM. 
Sample 
ZAve
(a) 
(nm) 
PDI(a) 
Particle diameter(b) 
(nm) 
S.D. (nm) CV (%) 
Poly(2.5-co-3.2) 
seed 
321.7 0.010 274.2 7.1 2.6 
(a) DLS measurements carried out at 25 oC and averaged from 5 measurements. (b) 
Average particle diameters, standard deviation and coefficient of variation calculated 
using ImageJ software (see experimental). 
The particle sizes were 274 nm (s.d. 7.1 nm) with a CV of 2.6% from SEM 
analysis and 322 nm with a PDI of 0.010 from DLS analysis (Table 3.6.). Again we 
notice the monodispersity of the seed latex where a hexagonal packed structure is 
visible when film formed (see Figure 3.7.). The calculated sizes were larger than the 
hydrophobic poly(2.5) latex particles and a possible reason for this could be caused 
from a shift in the nucleation site (more aqueous phase nucleation). Monomer 3.2 is 
more water soluble than 2.5 and will be more likely to homopolymerise or copolymerize 
with 2.1 in the aqueous phase leading to the formation of polyelectrolyte chains. The 
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formation of more polymer chains in the aqueous phase typically increases the number 
of primary particles that form.47 The lack of surfactant means that homogeneous and 
coagulative nucleation mechanisms dominate (discussed both in Chapter 1) as reported 
by Feeney et al.51 Coagulation combined with adsorption of sterically stabilised 
polymer chains with poly(PEG) units extending into the aqueous phase provides 
electrosteric repulsion. These poly(PEG) chains will stabilise the particles like poly(2.1) 
chains do as Kim et al reported.47  
 
Figure 3.7. SEM micrographs of 10 wt% seed latex using batch soap-free emulsion polymerisation with 1 
wt% 2.1 (based on monomer) and 2.7 initiator at 70 oC. A) 95:05 wt% poly(2.5-co-3.2) seed, B) close up 
of the particles from 95:05 wt% poly(2.5-co-3.2) seed. Scale bars are 200 nm. 
3.4.2.1. Decorating of poly(styrene-co-PEGMEA) seed nanoparticles with 
poly(DEGDA) particles 
We again studied the same deposition of poly(3.1) nanogel particles onto the 
surface of the seed using starve-fed emulsion polymerisation (see Table 3.7.). The SEM 
analysis and DLS analysis are shown in Figure 3.8. and Table 3.8.. From the DLS 
analysis the PDI increased substantially with a very large hydrodynamic radius 
(indicating a very polydisperse sample or aggregated clusters) so to determine the actual 
sizes and morphology we decided to use SEM analysis. The SEM data showed the same 
mechanism as shown previously for the poly(2.5) seed with poly(3.1) addition where 
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nanogel particles spread over the seed surface followed by growth of the decorating 
nanogel particles. The size of the seed is much greater than the hydrophobic poly(2.5) 
seed (274 nm compared to 119 nm) and so the decorating particles had a much greater 
surface area available for adhesion and coverage.  
Table 3.7. Recipe for the preparation of poly(3.1) decorated poly(2.5-co-3.2) latex. 
Sample 
Seed latex 
(ml) 
H20 (ml) KPS
(a) (g) Total 3.1 added (ml) 
Poly(3.1) decorated 
poly(2.5-co-3.2) 
25 75 0.05 2.0 
Feed rate of 3.1 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was dissolved 
into 1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.1 was added. 
Reaction quenched 30 minutes after feed ended. 
 
Figure 3.8. SEM micrographs of 2.5 wt% poly(2.5-co-3.2) seed latex (ratio 95:05) with the starve-fed 
soap-free addition of 3.1 crosslinker,  A) reference poly(2.5-co-3.2) seed, B) 0.5 ml 3.1, C) close up of a 
particle using 0.5 ml 3.1, D) 1.0 ml 3.1, E) close up of a particle using 1.0 ml 3.1, F) 1.5 ml 3.1, G) close 
up of the particles using 1.5 ml 3.1, H) 2.0 ml 3.1, I) close up of the particles using 2.0 ml  3.1. All scale 
bars are 200 nm. 
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Visually we see an increase in the number of particles that had adhered to the 
seed surface when compared to the poly(2.5) seed. We also noticed that the poly(3.1) 
nanogel particles have identical average particle sizes of 35 nm as was shown 
previously for the poly(2.5) seed latex but only grew to approximately 48 nm which was 
not as large as the nanogel particles grew for the poly(2.5) seed. As the number of 
decorating nanogel particles is greater then each particle can absorb less monomer 
overall and so the particles do not grow as much. The growth of the decorating particles 
as 3.1 was fed in was more uniform and the amount of surface coverage is much higher 
(even at 0.5 ml 3.1 feedings). Typically the number of nanogel particles that adhered to 
a single poly(2.5-co-3.2) seed particle was in the range of 50-100 particles, which is 
significantly more than shown previously to more hydrophobic poly(2.5) seed particles. 
We notice the random shapes and sizes of the decorating particles where no apparent 
order or periodicity is shown (see Figure 3.8.) so repulsive forces are not present on the 
nanogel particles.  
As the feeding of 3.1 increases we observe monodisperse raspberry-like 
decorated particles with relatively uniform decorating particle sizes meaning the 
colloids are more spherical than the decorated poly(2.5) seed. Again we notice 
secondary nucleation occurring indicating that too many new particles were formed 
before diffusion onto the seed particles can occur and subsequently when the saturation 
of the seed surface was reached. Many poly(3.1) nanogel particles remained in the 
aqueous phase. As well as a higher degree of decorating particle coverage the contact 
angle between the decoration and the seed is nearly the same as for the poly(2.5) seed 
with values of  104-108o as reported in Table 3.8.. Due to the similarities in the nanogel 
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particle sizes measurements of contact angles was more accurate than for the poly(3.1) 
decorated poly(2.5) seeds. 
3.4.3. Decoration of poly(styrenic) seed nanoparticles with poly(DEGDA-co-
PEGMEA) particles 
We also tried altering the styrenic seed nanoparticles poly(2.5) and poly(2.5-co-
3.2) with the use of a slightly more hydrophilic decorating nanogel. We altered the 
composition of the feeding crosslinking monomer 3.1 by addition of 10 wt% 3.2 (see 
Table 3.9. for quantities). The morphology of the nanoparticles produced using the 
poly(2.5) seed nanoparticles are identical when either poly(3.1) and poly(3.1-co-3.2) 
decoration is added i.e. final latex size and nanogel particles sizes are equivalent 
(compare Table 3.4. with Table 3.10.). One discernable difference was a lower contact 
angle of 122o and 119o as shown in Table 3.10. and Figure 3.9-E. and Figure 3.9-F. 
when we compare the two different decorating particles. This lower contact angle is 
likely caused from poly(3.2) chains extending from the nanogel particle surface and 
forcing the nanogel to cover more surface. By wetting the surface more efficiently then 
more poly(3.2) chains can be in the more favourable aqueous phase in order to stabilise 
the nanoparticles. 
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Table 3.9. Recipe for the preparation of poly(3.1-co-3.2) decorated latexes. 
Sample Seed latex (ml) H20 (ml) 
KPS(a) 
(g) 
Total 3.1 added 
(ml) 
Poly(3.1-co-3.2) decorated 
poly(2.5) 
25 75 0.05 1.0 
Poly(3.1-co-3.2) decorated 
poly(2.5-co-3.2) 
25 75 0.05 1.0 
Feed rate of 3.1-co-3.2 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was dissolved 
into 1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.1-co-3.2 was added. 
Reaction quenched 30 minutes after feed ended. 
 
Figure 3.9. SEM micrographs of 2.5 wt% poly(2.5) seed latex with the starve-fed soap-free addition of 
3.1-co-3.2 (ratio 50:50 wt%), A) reference poly(2.5) seed particle, B) 0.5 ml 3.1-co-3.2, C) close up of the 
particles using 0.5 ml 3.1-co-3.2, D) 1.0 ml 3.1-co-3.2, E) close up of a particle using 1.0 ml 3.1-co-3.2, 
F) 1.0 ml 3.1. Scale bars all 200 nm except for A which is 100 nm. 
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Figure 3.10. SEM micrographs of 2.5 wt% poly(2.5-co-3.2) seed latex with the starve-fed soap-free 
addition of 3.1-co-3.2 (ratio 50:50 wt%), A) reference poly(2.5-co-3.2) seed particles, B) 0.5 ml 3.1-co-
3.2, C) close up of the particles using 0.5 ml 3.1-co-3.2, D) 1.0 ml 3.1-co-3.2, E) close up of the particles 
using 1.0 ml 3.1-co-3.2, F) 1.0ml 3.1. All scale bars are all 200 nm. 
The poly(2.5-co-3.2) seed nanoparticles decorated using poly(3.1-co-3.2) 
nanogel particles did show a decrease in the number of decorating particles (see Figure 
3.10.) and an increase in the number of secondary particles that did not adhere to the 
seed surface. The lack of decoration is likely due to the hydroxyl groups from the 3.2 
chains causing more repulsive forces, which means the nanogel particles have greater 
colloidal stability and therefore do not require coagulation. Again a lower contact angle 
is observed between decorating microgel particles and the seed surface with a value of 
120o and 118o. Comparison of the poly(3.1) and poly(3.1-co-3.2) nanogel decorated 
poly(2.5-co-3.2) nanoparticles is shown in Figure 3.10-E. and Figure 3.10-F. and a 
comparison of sizes and contact angles are reported in Table 3.8. and Table 3.10.. The 
lower contact angle is likely caused from van der Waals interactions between poly(3.2) 
chains from the seed and nanogel particles which allows greater coverage. The lower 
number of decorating nanogel particles is likely due to the nanogel particles being more 
colloidally stable where poly(3.2) groups can create steric stability and steric polymer 
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chains from the nanogel particles already covering the surface could inhibit the 
coverage and spreading of other particles. 
3.4.4. Surface analysis of poly(DEGDA) decorated seed nanoparticles for vinyl 
group quantification 
In order to try and prove the presence or relative quantity of vinyl groups 
remaining from the poly(3.1) nanogel particles we utilised a variety of solid state 
techniques. Fourier transform infra-red spectroscopy (FT-IR) and solid-state nuclear 
magnetic resonance (13C SSNMR) were chosen due analysis of solid samples being 
possible (vinyl group analysis of nanoparticles can not be analysed using 1H NMR and 
13C NMR unless the polymer particle is dissolved). The FT-IR and 13C SSNMR spectra 
are shown in Figure 3.11. and Figure 3.12. respectively. The FT-IR spectra showed no 
vinyl peaks at 1639 cm-1 but did show the presence of a new peak at 1739 cm-1 from the 
carbonyl group in 3.1. The problem we encountered using 13C NMR analysis was 
overlap between the vinyl group region and the aromatic carbons from the poly(2.5). 
This overlap was located at 125-130 ppm for the 13C SSNMR (large aromatic carbon 
peaks) and the vinyl group peak was expected to be at 120-125 ppm. These techniques 
proved inconclusive for styrenic seed particles and poly(2.5) was subsequently removed 
from further experiments.  
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Figure 3.11. FT-IR spectra of an extended region between 1550 and 1800 cm-1, left) 2.5 ml poly(3.1) 
decorated poly(2.5), right) 1.0 ml poly(3.1-co-3.2) decorated poly(2.5-co-3.2).  
 
Figure 3.12. 13C 500 MHz SSNMR spectrum of 0.5 ml poly(DEGDA) decorated poly(styrene) particles, 
acquisition range 0-200 ppm,with zoom region between 100 and 180 ppm. 
3.4.5. Preparation of hydrophilic sulphonated poly(acrylic) seed nanoparticles 
In order to remove the overlap problem experienced with styrenic seed 
nanoparticles we next tried the same polymerisations using acrylic seed nanoparticles. 
We repeated the batch soap-free emulsion polymerisation to synthesise a 10 wt% latex 
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incorporating 1 wt% 2.1 but using monomers methyl methacrylate (MMA, referred to as 
3.3) and ethyl methacrylate (EMA, referred to as 3.4). Exact compositions are shown in 
Table 3.11. and structures for 3.3 and 3.4 are shown in Figure 3.13.. 
Table 3.11. Recipe for the preparation of 10 wt% poly(acrylic) seed latex. 
Sample 
3.3 
(g) 
3.4 
(g) 
NaSS 
(g) 
NaHCO3 
(g) 
H20 
(ml) 
KPS(a) 
(g) 
Xn(b) 
Polymerisation 
time (hours) 
Poly(3.3) 
seed 
10.13 - 0.10 0.10 90 0.10 0.81 8 
Poly(3.4) 
seed 
- 10.12 0.10 0.10 90 0.10 0.80 5 
Reaction temperature 70 oC. (a) Initiator 2.7 was dissolved into 1 ml of DDI H2O. (b) 
Conversion measured by gravimetry (see experimental).  
 
Figure 3.13. Structures of methyl methacrylate (MMA, left) and ethyl methacrylate (EMA, right). 
The monomers 3.3 and 3.4 have Tg values of 105 
oC (atactic) and 66 oC 
respectively and the seed particles synthesised are shown in Figure 3.14. Particle sizes 
for poly(3.3) were calculated to be 249 nm with a PDI of 0.034 from DLS 
measurements and 180 nm (s.d. 7.8 nm) with a CV of 4.3% from SEM analysis (Table 
3.12.). Particle sizes for poly(3.4) were 207.2 nm with a PDI of 0.025 from DLS 
measurements and 167.4 nm (s.d. 10.0 nm) with a CV of 6.0% from SEM analysis 
(Table 3.12.). The hydration sphere from DLS measurements is much larger than the 
hydration sphere from the poly(2.5) seed latex due to the relative interaction between 
the acrylic seeds and water. Hydrogen bonding and dipolar interactions attract more 
water into the diffuse layer surrounding the particles so acrylic latexes have a larger 
double layer than styrenic latexes. The water solubility values for 3.3 and 3.4 are much 
greater than those from using monomer 2.5 and the seed particles will be more 
Chapter 3 – Nanogel decorated nanoparticles and functionalisation using thiol-Michael 
addition 
 
 
114 
hydrophilic (water solubility of 3.3 is 16 g/L and of 3.4 is 5 g/L both at 25 oC according 
to the MSDS data from Sigma Aldrich). 
 
Figure 3.14. SEM micrographs of 10 wt% seed latex from batch soap-free emulsion polymerisation with 
1 wt% 2.1 (based on monomer) and 2.7 initiator at 70 oC.  A) poly(3.3) seed, B) close up of poly(3.3) 
seed, C) poly(3.4) seed, D) close up of the poly(3.4) seed. All scale bars are 200 nm. 
Table 3.12. Size analysis of poly(acrylic) seed latex using DLS and SEM. 
Sample 
ZAve
(a) 
(nm) 
PDI(a) 
Particle 
diameter(b) (nm) 
S.D. (nm) CV (%) 
Poly(3.3) 249.1 0.034 180.1 7.8 4.3 
Poly(3.4) 207.2 0.025 167.4 10.0 6.0 
(a) DLS measurements carried out at 25 oC and averaged from 5 measurements. (b) 
Average particle diameters, standard deviation and coefficient of variation calculated 
using ImageJ software (see experimental). 
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3.4.6. Decoration of poly(MMA) and poly(EMA) seed nanoparticles with 
poly(DEGDA) particles 
3.4.6.1. Poly(MMA) seed particles decorated with poly(DEGDA) particles 
When the seed particle was changed to poly(3.3) we noticed a greater surface 
coverage when compared with the poly(2.5) and poly(2.5-co-3.2) latexes. This is shown 
in Figure 3.15. and the latex information and data is shown in Table 3.13. and Table 
3.14.. We did notice a slight difference to the poly(2.5-co-3.2) seed where the amount of 
surface coverage of the poly(3.1) microgels as well as the shape of the decorating 
particles is different. The shape of the nanogels decorating the poly(3.3) seed are mainly 
non-spherical and many elongated above 2 ml of 3.1 (see Figures 3.15-H. to Figure 
3.15-J.). The difference is caused by favourable interactions between both hydrophilic 
decorating particles and hydrophilic seed particles and this leads to increased spreading 
of the nanogel particles over the surface of the seed particles.. The poly(3.1) nanogel 
particles wet the surface of a hydrophilic seed more effectively due to an increase in van 
der Walls interactions between polar surfaces (refer to DLVO theory in Chapter 1). 
Contact angles are not reported for the latexes described from this point forth due to 
difficulty in measurements and contrast for the decorated poly(3.4) seed particles. 
Table 3.13. Recipe for the preparation of poly(3.1) decorated poly(acrylic) latex. 
Sample Seed latex (ml) H20 (ml) KPS
(a) (g) Total 3.1 added (ml) 
Poly(3.1) decorated 
poly(3.3) 
25 75 0.05 2.5 
Poly(3.1) decorated 
poly(3.4) 
25 75 0.05 0.5 
Feed rate of 3.1 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was dissolved 
into 1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.1 was added. 
Reaction quenched 30 minutes after feed ended. 
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Figure 3.15. SEM micrographs of 2.5 wt% poly(3.3) seed latex with the starve-fed soap-free addition of 
3.1,  A) reference poly(3.3) seed particles, B) 0.1 ml 3.1, C) close up of a particle using 0.1 ml 3.1, D) 0.5 
ml 3.1, E) close up of a particle using 0.5 ml 3.1, F) 1.0 ml 3.1, G) close up of the particles using 1.0 ml 
3.1, H) 2.0 ml  3.1, I) 2.5 ml 3.1, J) close up of the particles using 2.5 ml 3.1. All scale bars are 200 nm. 
3.4.6.2. Poly(EMA) seed particles decorated with poly(DEGDA) particles  
The decoration of the poly(3.4) seed latex using poly(3.1) is shown in Figure 
3.16. and Table 3.14.. Only 0.5 ml 3.1 was added to try and prevent increased nanogel 
particle sizes and secondary nucleation (secondary nucleation was visible when 1.0 ml 
to 2.5 ml 3.1 was added, see Figure 3.15-H.). The poly(3.4) seed showed a drastic 
difference when compared to all the previous decorated latexes. The morphology is 
much smoother and an almost core-shell morphology is observed. When we look at the 
sizes of the particles before and after decoration we notice a growth of  ~40 nm (206.6 
nm after decoration and 167.4 nm before).  
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Figure 3.16. SEM micrographs of 2.5 wt% poly(3.4) seed latex with the starve-fed soap-free addition of 
3.1, A) reference poly(3.3) seed particles, B) 0.5 ml 3.1, C) close up of a particle using 0.5 ml 3.1. All 
scale bars are 200 nm. 
The nanogel domains show much less phase separation when compared to the 
harder Tg polymers (2.5 and 3.3) and the lower Tg of the seed plays an important role 
on the polymer diffusion into the seed particles as reported by Sundberg et al.52 They 
discussed that Tg values 18 oC below the reaction temperature can allow significant 
polymer diffusion more towards the core of the seed particles. The poly(3.4) seed 
particles are ~4 oC below the reaction temperature and this likely leads to more polymer 
diffusion into the particles than poly(2.5) or poly(3.3) which have Tg values of 100 oC 
and 105 oC respectively. If more polymer diffuses towards the particle core then 
polymerisation will occur inside the particles and the nanogel particles will growth 
inside the seed particles rather than growing at the surface. 
3.4.7. Influence of the seed nanoparticles on the decorating nanogel particles 
Overall the results from the poly(3.1) decorated latexes indicate that the degree 
of decoration is influenced heavily by the seed hydrophobicity. Hydrophobic poly(2.5) 
showed less surface coverage and spreading of nanogel particles when compared to 
more hydrophilic poly(2.5-co-3.2), poly(3.3) and poly(3.4) seed particles. The Tg of the 
seed also has an influence on the morphology where high Tg polymers poly(2.5) and 
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poly(3.3) showed very phase separated raspberry domains and the low Tg poly(3.4) 
showed a smooth almost core-shell morphology. 
3.4.8. Vinyl analysis of poly(DEGDA) decorated poly(acrylic) latexes 
Unfortunately analysis of the poly(3.1) decorated acrylic latexes gave no 
indication of vinyl groups being present even with removal of the styrenic group 
overlaps. Figure 3.17., Figure 3.18. and Figure 3.19. show the FT-IR and 13C SSNMR 
spectra for the poly(3.1) decorated poly(3.3) and poly(3.4) seed latexes. Due to these 
results we decided to next try varying the decorating nanogel particles by the use of 
multifunctional acrylate crosslinkers. 
3.4.9. Decoration of poly(EMA) seed nanoparticles using multi-
functional acrylate nanogel particles 
For the next multifunctional acrylate decorated latexes only the poly(3.4) seed 
was used. The feed monomer was altered by using two other crosslinking monomers 
penta-erythritol tri-acrylate (referred to as 3.5) and di-penta-erythritol penta-/hexa- 
acrylate (referred to as 3.6) whose structures are shown in Figure 3.20.. The monomer 
3.5 was fed into the polymerisation vessel neat as it was a non-viscous liquid but the 
monomer 3.6 needed dissolution into either monomers 3.1 or 3.5 to allow feeding. 
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Figure 3.17. FT-IR spectra of an extended region between 1550 and 1800 cm-1, left) 2.5 ml poly(3.1) 
decorated poly(3.3), right) 1.0 ml poly(3.1) decorated poly(3.4).  
 
Figure 3.18. 13C 500 MHz SSNMR spectrum of 2.5 ml poly(3.1) decorated poly(3.3) particles. 14000 
scans. Acquisition range 0-200 ppm. 
 
Figure 3.19. 13C 500 MHz SSNMR spectrum of 0.5 ml poly(3.1) decorated poly(3.4) particles 1024 
scans. Acquisition range 0-200 ppm. 
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Figure 3.20. Structures of penta-erythritol tri-acrylate (left) and di-penta-erythritol penta-/hexa- acrylate 
(right). 
3.4.9.1. Decoration of poly(EMA) seed nanoparticles with poly(DEGDA-co-tri- 
acrylate) particles 
We combined two crosslinking monomers (50 wt% 3.1 and 50 wt% 3.5) and fed 
them into the reaction vessel at the same rates used for the addition of 3.1 (see Table 
3.15. for latex ingredients). When we compare the poly(3.4) seed covered with 
poly(3.1-co-3.5) nanogel particles with the same seed covered with the poly(3.1) 
particles we observe a similar morphology via SEM analysis (see Figure 3.16. and 
Figure 3.21.). Full surface coverage was achieved by the nanogel particles (see Figure 
3.21.). The decorating nanogel particle sizes (Table 3.16.) do not increase to the same 
extent as observed when poly(3.1) was used.  
Table 3.15. Recipe for the preparation of poly(3.1-co-3.5) decorated poly(3.4) latex. 
Sample 
Seed latex 
(ml) 
H20 (ml) KPS
(a) (g) 
Total 3.1-co-3.5 added 
(ml) 
Poly(3.1-co-3.5) 
decorated poly(3.4) 
25 75 0.05 1.0 
Feed rate of 3.1-co-3.5 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was dissolved 
into 1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.1-co-3.5 was added. 
Reaction quenched 30 minutes after feed ended. 
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Figure 3.21. SEM micrographs of 2.5 wt% poly(3.4) seed latex with the starve-fed soap-free addition of 
3.1-co-3.5 (ratio 50:50);  A) reference poly(3.4) seed particles, B) 0.5 ml 3.1-co-3.5, C) close up of the 
particles using 0.5 ml 3.1-co-3.5, D) 1.0 ml 3.1-co-3.5, E) close up of the particles using 1.0 ml 3.1-co-
3.5, F) 1.0 ml 3.1-co-3.5 after 30 minutes G) close up of the particles using 1.0 ml 3.1-co-3.5 after 30 
mins. All scale bars are 200 nm. 
However, we notice that the decorating nanogel particles at the surface are more 
spherical in shape than was visualised using poly(3.1). The boundaries between each 
nanogel particles are more pronounced when using poly(3.1-co-3.5) and a rougher 
surface is visualised. The cause is most likely due to the elasticity difference of the 
polymer network that forms as well as an altered crosslinking density of the nanogel. 
The use of a tri-functional acrylate crosslinker alters the polymer network that forms 
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where more reactive sites are present due to the increase in vinyl groups and therefore 
levels of branching sites. The length of the crosslinker will affect the Tg value of the 
polymer microgels due to an increase in the molecular weight.21,32,50 
Table 3.16. Size analysis of poly(3.1-co-3.5) decorated poly(3.4) seed latex using SEM. 
Sample 
Cross-
linker 
amount 
(ml) 
Average 
particle 
diameter 
(nm) 
S.D. 
(nm) 
CV 
(%) 
Average 
nanogel 
diameter (nm) 
S.D. 
(nm) 
CV 
(%) 
Poly(3.1-co-
3.5) decorated 
poly(3.4) 
0.1 205.8 10.9 5.3 - - - 
0.5 211.8 6.8 3.2 31.6 6.6 20.8 
1.0 216.8 7.5 3.4 34.4 5.6 16.3 
Average particle diameters, standard deviation and coefficient of variation calculated 
using ImageJ software (see experimental). 
The 0.5 ml poly(3.1-co-3.5) nanogel decorated poly(3.4) seed shows a smoother 
morphology when compared to the poly(3.1) decorated poly(3.3) seed and a rougher 
morphology compared to the poly(3.1) decorated poly(3.4) seed. The crosslinker 
functionality clearly affects how the nanogel particles form and how they grow when 
after spreading onto the seed surface. Contact angle measurements were difficult to 
measure for this latex due to the lack of spherical shaped nanogel particles as well as 
more of core-shell type morphology (raspberry particles are easier to measure nanogel 
particle sizes and contact angles due to well phase separated domains).. 
3.4.9.2. Decoration of poly(EMA) seed nanoparticles with poly(tri- acrylate) 
particles 
We continued the above synthesis but this time the seed nanoparticles were 
decorated using poly(3.5) nanogel particles instead of poly(3.1-co-3.5) and similar 
morphology particles were produced (see Table 3.17. for latex ingredients).  
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Table 3.17. Recipe for the preparation of poly(3.5) decorated poly(3.4) latex. 
Sample 
Seed latex 
(ml) 
H20 
(ml) 
KPS(a) 
(g) 
Total 3.5 added (ml) 
Poly(3.5) decorated 
poly(3.4) 
25 75 0.05 1.0 
Feed rate of 3.5 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was dissolved into 
1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.5 was added. Reaction 
quenched 30 minutes after feed ended. 
No definitive differences could be found as the shapes and sizes of the nanogel 
particles are almost identical (see Figure 3.22. for SEM micrograph and Table 3.18. for 
DLS and SEM results). However, the surface of the decorated nanoparticles appeared 
slightly smoother when poly(3.5) was used over poly(3.1-co.3.5). Only the 1.0 ml 
poly(3.5) sample is shown via SEM analysis due to the difficulty with gaining a clear 
image. 
 
Figure 3.22. SEM micrographs of 2.5 wt% poly(3.4) seed latex with the starve-fed soap-free addition of 
3.5 (ratio 50:50), A) reference poly(3.4) seed particles, B) 1ml 3.5, C) close up of the particles using both 
1.0 ml 3.5. All scale bars are 200 nm. 
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3.4.9.3. Decoration of poly(EMA) seed nanoparticles with poly(DEGDA-co-
penta-/hexa- acrylate) particles 
We synthesised a poly(3.1-co-3.6) nanogel decorated poly(3.4) seed latex using 
the recipe shown in Table 3.19. and the SEM and DLS results are reported in Table 
3.20.. The SEM images are shown in Figure 3.23. and we notice a similarity with the 
poly(3.1) decorated poly(3.3) seed showed earlier (Figure 3.15.). Long irregular 
nanogel particle shapes were observed leading to an overall smoother surface shell and 
more of a core-shell morphology. Clearer boundaries exist between each nanogel 
particles and growth of the nanogel particles is very irregular in shape. This irregular 
growth and spreading mechanism provides very effective surface coverage as shown in 
Figure 3.23-C. and 3.23-D..  
Table 3.19. Recipe for the preparation of poly(3.1-co-3.6) decorated poly(3.4) latex. 
Sample 
Seed latex 
(ml) 
H20 
(ml) 
KPS(a) 
(g) 
Total 3.1-co-3.6 added (ml) 
Poly(3.1-co-3.6) 
decorated poly(3.4) 
25 75 0.05 1.0 
Feed rate of 3.1-co-3.6 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was 
dissolved into 1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.1-co-3.6 
was added. Reaction quenched 30 minutes after feed ended. 
Again we note the low dispersity of the sample where DLS analysis gave a PDI 
of 0.020 (Table 3.20.) and the hexagonal packed structure is shown in Figure 3.23-B. 
and Figure 3.22-D.. Particle size measurements using SEM image analysis with ImageJ 
showed that the poly(3.1-co-3.6) decorated poly(3.4) nanoparticles have the smallest 
particle sizes of the multi acrylate decorated latexes. The particle sizes for the poly(3.1-
co-3.6) decorated poly(3.4) latex were 178.2 nm (0.5 ml) and 182.5 nm (1.0 ml) 
whereas the  particle sizes for the poly(3.1-co-3.5), poly(3.5) and poly(3.5-co-3.6) 
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decorated latexes were 203-216 nm (Table 3.12.). DLS analysis also shows a larger 
value for the hydrodynamic diameter at ~235 nm again due to a hydration sphere caused 
by hydrogen bonded water molecules or swelling of the nanogel particles.  
 
Figure 3.23. SEM micrographs of 2.5 wt% poly(3.4) seed latex with the starve-fed soap-free addition of 
3.1-co-3.6 (ratio 50:50);  A) reference poly(3.4) seed particles, B) 0.5 ml 3.1-co-3.6, B)close up of a 
particles using 0.5 ml 3.1-co-3.6, C) 1.0 ml 3.1-co-3.6, D) close up of the particles using 1.0 ml 3.1-co-
3.6. All scale bars are 200 nm. 
3.4.9.4. Decoration of poly(EMA) seed nanoparticles with poly(tri- acrylate-co-
penta-/hexa- acrylate) particles 
The final multi-functional decorated seed latex used monomers 3.5 and 3.6 as 
reported in Table 3.21. and the results are reported in Table 3.22.. The SEM analysis 
for the poly(3.5-co-3.6) decorated nanoparticles are shown in Figure 3.24.. A similarity 
with the poly(3.1-co-3.5) and poly(3.5) decorated poly(3.4) latexes is apparent. Uniform 
Chapter 3 – Nanogel decorated nanoparticles and functionalisation using thiol-Michael 
addition 
 
 
128 
surface coverage of the nanogel particles is observed and the decorating nanogel 
particles increase in size as shown as more crosslinker is added. 
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The surface morphology appears to be the smoothest compared to all the other 
nanogel decorated latexes even when 1.0 ml crosslinking monomer is used Unlike the 
poly(3.1-co-3.6) decorated poly(3.4) latex we can visualise distinct hemi-spherical 
nanogel particles. The morphology of the decorated particles is more similar to the 
poly(3.1) decorated poly(2.5-co-3.2) latex particles in that clear boundaries are observed 
between nanogel particles (see Figure 3.24-F.). 
Table 3.21. Recipe for the preparation of poly(3.5-co-3.6) decorated poly(3.4) latex. 
Sample 
Seed latex 
(ml) 
H20 
(ml) 
KPS(a) 
(g) 
Total 3.1-co-3.6 added 
(ml) 
Poly(3.5-co-3.6) 
decorated poly(3.4) 
25 75 0.05 1.0 
Feed rate of 3.5-co-3.6 was 0.11 ml/min, temperature 70 oC. (a) Initiator 2.7 was 
dissolved into 1 ml of DDI H2O. Samples were taken after every 0.5 ml of 3.5-co-3.6 
was added. Reaction quenched 30 minutes after feed ended. 
 
Figure 3.24. SEM micrographs of 2.5 wt% poly(3.4) seed latex with the starve-fed soap-free addition of 
3.5-co-3.6 (ratio 50:50),  A) reference poly(3.4) seed particles, B) 0.25 ml 3.5-co-3.6, C) close up of the 
particles using 0..25 ml 3.5-co-3.6, D) 0.5 ml 3.5-co-3.6, E) close up of the particles using 0.5 ml 3.5-co-
3.6, F) 1.0 ml 3.5-co-3.6 after 30 mins. All scale bars are 200 nm. 
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3.4.10. Vinyl analysis of poly(multi-functional acrylate) decorated poly(EMA) 
latexes 
Having synthesized a variety of multi acrylate nanogel decorated poly(3.4) 
particles we decided to try detect or quantify vinyl groups at the surface. We tried 13C 
SSNMR on the poly(3.1-co-3.6) decorated poly(3.4) latex which we believed would 
possess a high number of pendant vinyl groups (13C SSNMR spectrum is shown in 
Figure 3.25.). Unfortunately 13C NMR still showed no visible vinyl peak around 120-
125 ppm even when a 500 MHz spectrometer and higher scan number of 18000 was 
used. If vinyl groups did exist on our particles either the quantity was too low to analyse 
(less than 1%) or the detection resolution of the NMR was too low.  
 
Figure 3.25. 13C SSNMR spectrum for poly(3.1-co-3.6) decorated poly(3.4) latex using 18000 scans on a 
500 MHz spectrometer. 
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From 13C SSNMR we tried Raman spectroscopy to try and find the presence of 
vinyl groups. Raman microscopy has a much faster acquisition time compared to 13C 
SSNMR (13C SSNMR required specialist training and was run by the Lewandowski 
group) where acquisition times are similar to that of FT-IR spectroscopy. Using longer 
scan times for Raman spectroscopy allows reduction in the signal to noise ratio 
providing a smoother spectra for analysis. Due to time consumption, training and cost of 
use more samples were analysed using Raman spectroscopy than was possible for 13C 
SSNMR. The spectra obtained using Raman spectroscopy are shown in Figure 3.26. for 
the poly(3.1-co-3.5), poly(3.5), poly(3.1-co-3.6) and poly(3.5-co-3.6) decorated 
poly(3.4) latexes. 
 
Figure 3.26. Normalised Raman spectra of four decorated poly(3.4) latexes where spectra had baseline 
subtraction followed by normalising with respect to the peak at 1739 cm-1. The region 1500-2000 cm-1 is 
shown. 
Raman microscopy has the advantage or being able to run any sample type 
making it ideal for latex powder or films and most solvents do not interfere with the 
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Raman spectra. The major factors affecting the Raman spectra are the sample 
acquisition time and surface that the sample is analysed on. Glass and aluminium are 
often the best choice of substrates and give the least interference or fluorescence. The 
peak at 1739 cm-1 is from the carbonyl C=O group. The peaks located at 1600 cm-1 is 
due due to C-H bond vibrations. The peaks at 1643 cm-1 is clearly visible for all four 
latexes using multi-acrylate nanogel decoration and this peak is attributed to the vinyl 
group stretching frequency. The vinyl group is typically located around 1635-1650 cm-1 
(depending on the vinyl group and further substituent groups).53-57 The vinyl peak is a 
much stronger peak for Raman spectroscopy compared with FT-IR spectroscopy due to 
the polarisability of the C=C bond. The use of IR and Raman spectroscopy has been 
studied by Gauthier et al,54  Rueggeberg et al55 and other authors for analysing the 
degree of conversion of dental resins or studying other vinyl polymerisations. The 
polarisability of the vinyl group helps quantify the conversion.54-59 
By studying the peaks located between 1500 and 2000 cm-1 we normalised the 
peaks with respect to the carbonyl peak at 1739 cm-1. By integrating the vinyl peak 
relative to the carbonyl peak, using both area and height, we are able to estimate the 
ratio of vinyl groups relative to the carbonyl peaks. Gauthier et al54 and Reuggenberg et 
al55 showed that quantification of acrylate polymers using Raman uses the carbonyl 
C=O peak as a reference. Rueggeberg et al analysed the differences between integrating 
the vinyl and carbonyl peaks using both area and height and no discernable differences 
were found.55 The ratios of the three peaks at 1600 cm-1, 1643 cm-1 and 1739 cm-1 are 
shown in Table 3.23. for the four decorated poly(multiacrylate) latexes where the 
carbonyl peak is set at a value of 1.  
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From the Raman spectra peak intensities calculated using the area and height of 
the peaks it appears that the smallest vinyl peaks were shown for both poly(3.1) 
decorated poly(3.4) latex meaning that 3.1 crosslinks the most. The lowest group ratios 
are shown for both poly(3.5)  and poly(3.5-co-3.6) decorated poly(3.4) latexes 
indicating that the multi-functional crosslinkers polymerise to a lesser degree than the 
single chained crosslinkers. This leaves more pendant vinyl groups available that may 
be inside or at the surface or the nanogel particles. Using an octa-functionalised acrylate 
monomer would hypothetically provide a greater degree of vinyl groups but would 
likely be a solid and therefore would require other liquid crosslinkers for solubility to be 
of use. From the ratio values calculated from both area and height intensities the order 
of increasing pendant vinyl groups is as follows: 3.1-co-3.5>3.1-co-3.6>3.5-co-3.6>3.5. 
Also noticed is that using integration of the peak area for C=O/C=C ratios gives roughly 
double the values of the corresponding peak height ratios. 
We also decided to compare the values shown in Table 3.23. to those of the 
monomer before polymerisation where the decrease in the vinyl group can be viewed as 
a percentage of the starting material. In the book by Nyquist57 specified ratios of the 
C=C to C=O groups have been measured for various acrylate monomers.57 When we 
study the structures for the monomers 3.5 and 3.6 we note that each arm comprises of an 
ethyl acrylate group which either has 3 arms or five/six arms respectively (see Figure 
3.20.). From the data available in the book57 and the sigma Aldrich FT-Raman spectra 
(available only for monomer 3.5) we noted relative intensities for methyl and propyl 
acrylates to average out to a value of 0.50 (C=O/C=C). This means that the C=C is 
approximately twice the intensity of the C=O peak in its monomeric state. Comparison 
of the monomeric peak intensity ratio to those analysed from the decorated poly(3.4) 
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nanoparticles we tried to quantify the percentage conversion of the monomers (Table 
3.23.). The values we obtained for conversion are calculated from the ratio of C=O/C=C 
values for monomer conversions of 0% and 100%. Analysis of the Raman spectra data 
and integration of the peaks indicated relative vinyl group concentrations to be below 
6.4% with a lowest value of 1.5%. All the integration by height values gave roughly 
double the percentage of unreacted vinyl groups compared to integrating using area.   
Okubo reported a slightly different approach to quantification of the amount if 
vinyl groups from poly(DVB) microspheres prepared using dispersion polymerisation. 
Pre-reacting the vinyl groups with bromine allowed elemental analysis to be carried out 
generating accurate quantification of the surface vinyl groups. Vinyl groups under the 
particle surface would not react with the bromine so the true number of vinyl groups 
throughout the particle may be much greater than those reported.25 
3.4.11. Thiol-Michael addition chemistry 
Due to the presence of vinyl groups on the nanogel decorated colloids shown by 
Raman spectroscopy we decided to try a post-functionalisation reaction to further 
functionalise the surface of the particles. Recently the thiol-Michael addition reaction 
has shown widespread use for the functionalisation of vinyl polymers in a variety of 
solvents especially water.33 Recent reviews have highlighted the conditions for both 
radical and catalytic approaches where we are more interested in the catalytic approach 
which can follow either base catalysed or nucleophilic initiation mechanisms (see 
Scheme 3.1. for the thiol-Michael nucleophilic addition reaction mechanism).34-35  
Li et al did a recent review of the conditions required for the thiol-Michael 
addition reaction using various vinyl monomers (or olefins) with different thiols. The 
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mechanism of initiation and the products were studied using MALDI-TOF, FT-IR and 
NMR spectroscopy.41 They reported that catalytic amounts of straight chained primary 
amines such as hexylamine provided a nucleophilic rather than basic initiation of the 
thiol-Michael addition reaction. The thiol-Michael addition reaction could be completed 
in under 500s for most vinyl monomers (the exceptions are methacrylates and styrenics 
which can take considerably longer). They also showed the use of phosphine 
compounds dimethylphenylphosphine and tris(2-carboxyethyl) phosphine hydrochloride 
(DMPP and TCEP respectively) as a method to increase the rate of reaction between 
thiol and olefin even when the concentration of catalyst was an order of two lower than 
for the amines. The advantages of the reaction between a thiol and olefin using amine 
and phosphine catalysts is that solubilities can be achieved in all the major solvents and 
side product formation is prevented under certain conditions (alternatively side reactions 
are highly likely via radical initiation). Unfortunately the amine and phosphine catalysts 
did suffer from side reactions occurring when the ratio of catalyst to monomer was 
much greater than one. 
 
Scheme 3.1. Reaction scheme for the nucleaophilic thiol-Michael addition reaction [Reproduced from 
reference 34]. 
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For the chosen multi-functional acrylate system we tested three different thiols 
to monitor the loss of vinyl peaks: sodium 3-mercapto-1-propanesulfonate (referred to 
as 3.7), L-cysteine (referred to as 3.8) and penta-erythritol tetra-kis(3-
mercaptopropionate) (referred to as 3.9). The addition of thiol to the latex is discussed 
in the experimental Section 3.3.5. (thiol structures are shown in Figure 3.27.) where an 
excess of thiol was added to the poly(3.1-co-3.6) decorated poly(3.4) latex under 
stirring. Followed 1 hour of stirring a slight excess of isobutylamine was injected to 
initiate the thiol-Michael addition reaction (structure of isobutylamine shown in the next 
Chapter 4 Figure 4.3.). A slight excess of thiol was added so that the chances of the 
thiolate reacting with a pendant surface vinyl group is increased especially as the 
concentration of surface vinyl groups may be low indicated from the Raman spectra 
analysis (see Table 3.23.). Following the addition of thiol we allowed two days of 
stirring to try and ensure high conversion under the dilute latex conditions and 
afterwards the latex was dialysed to remove any amine catalyst and unreacted thiol. 
Raman spectroscopy was carried out on the dialysed latex film for the three thiols tested 
and this these spectra are shown in Figure 3.28.. 
 
Figure 3.27. Structures of thiols used for thiol-Michael addition reaction, sodium 3-mercapto-1-
propanesulphonate (left), L-cysteine (middle), penta-erythritol tetra-kis(3-mercaptopropionate) (right). 
In Figure 3.28. all three samples still show peaks at 1600 cm-1 and 1736-1739 
cm-1. In the majority of samples the vinyl peak at 1646 cm-1 has practically disappeared. 
The only exception to this decrease in vinyl band occurs for the latex functionalised 
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using 3.7. One possible reason for this peak occurring could be due to an absorption 
property of sulphonated compounds that are typically hygroscopic in nature. Raman 
spectroscopy has been reported for 3.7 by Houlton et al60 where a water peak was 
located at 1645 cm-1 and Reed et al showed that sulphonates with carbon chain lengths 
below octyl have a very hygroscopic nature and will absorb moisture.61 
 
Figure 3.28. Normalised Raman spectra of poly(3.1-co-3.6) decorated poly(3.4) latexes reacted with 3.7, 
3.8 and 3.9. All spectra had baseline subtraction followed by normalising with respect to the peak at 1739 
cm-1. The region 1500-2000 cm-1 is shown. 
If we again study the integration ratio between the normalised vinyl peak and 
carbonyl peak intensities (Table 3.24.) we can clearly see a decrease in the carbonyl to 
vinyl ratios possibly indicating that vinyl bonds have been reacted that were previously 
pendant (the concentration was identical). Nearly all the vinyl peak ratios show a 
decrease where up to 50% of the vinyl groups are shown to have reacted for the 3.9 
reacted poly(3.1-co-3.6) decorated poly(3.4) latex.  
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Again we see slight variation between the measurements using both area under 
the peak and the peak height but both shows a similar decrease in vinyl group 
percentage. Unfortunately this decrease in vinyl group percentage is not conclusive that 
the thiol-Michael addition reaction occurred. It could be caused from side reactions 
occurring and reacting with the vinyl groups or possibly resolution limitations of the 
techniques used to study the vinyl group intensities. 
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3.5. Conclusion 
In this chapter we reported the use of starve fed soap-free emulsion 
polymerisation for the synthesis of nanogel decorated raspberry and core-shell 
morphology nanoparticles. We synthesised nanogel decorated polymer latexes by 
feeding of di-, tri- and multi- functional acrylate crosslinkers to a range of hydrophobic 
and hydrophilic styrenic and acrylic seed latexes. We report differences is surface 
wetting and coverage for each seed with different sizes and relative hydrophobicities. 
The results indicated that decoration of hydrophilic seeds such as poly(EMA) and 
poly(MMA) gave the lowest contact angles and greatest surface coverage of nanogel 
particles. Hydrophobic polymer particles such as poly(styrene) showed low surface 
coverage and higher contact angles. Hydrophilic poly(styrene) particles were prepared 
by copolymerisation of styrene with poly ethyleneglycol methyl ether acrylate which 
further increased the amount of surface covering nanogel particles. The size of the 
polymer seed particles played a factor in the number of decorating particles where 
larger particles allowed more surface adhesion. Changing the crosslinker of the 
decorating nanogel particles from di-functional to tri-functional and finally to multi-
functional drastically altered the surface morphology. Synthesis of raspberry and core-
shell type structures were observed and particle shapes and morphologies were analysed 
using SEM and DLS. 
Spectroscopic studies NMR, FT-IR and Raman could not detect pendant vinyl 
groups for the di-acrylate crosslinked nanogel particles but changing to tri-acrylate and 
penta-/hexa-acrylate monomers allowed pendant vinyl groups to be visualised by 
Raman spectroscopy. Raman microscopy allowed utilisation of the stronger vinyl group 
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absorption that FT-IR and NMR lacked. Following the quantification on vinyl groups 
on the particles from the Raman spectra a thiol-Michael addition reaction was carried 
out. The thiol-Michael addition reaction used nucleophilic catalyst isobutylamine (under 
aqueous conditions at room temperature) to react the vinyl groups with sodium 3-
mercapto-1-propanesulphonate, cysteine and penta-erythritol tetra-kis 2-mercapto 
propionate. Raman microscopy was again used to show a decrease in the vinyl peak 
intensity. 
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Chapter 4 - Interfacial thiol-Michael addition 
capsules 
4.1. Abstract 
Chapter 4 reports the main methods for encapsulating an oil for agricultural 
applications with the main attention is trying to improve on existing poly(urethane) and 
poly(urea) polymerisation reactions. Using a microfluidic device allowed synthesis of 
milli- and micron sized capsules using nucleophilic thiol-Michael addition interfacial 
polymerisation. The interfacial polymerisation between a penta-/hexa- olefin with a 
tetra- functional thiol using nucleophilic isobutylamine catalyst synthesised capsules 
containing solvesso 200ND. The thiol-Michael addition reaction was applied to try and 
synthesise capsules using high shear homogenisation techniques and the capsules 
showed stability while aqueous. However, the homogenised capsules showed release of 
the solvesso 200ND after 1-2 minutes for the homogenised capsules whereas the 
microfluidic capsules did not appear to show rupture. 
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4.2. Introduction 
4.2.1. Encapsulation of a liquid for agricultural application 
Encapsulation of an active ingredient is a very important aspect for a range of 
colloid areas including cosmetics, agriculture, medicine and pharmaceuticals. In these 
fields encapsulation and selective release of ingredients is highly appealing. Sufficient 
encapsulation is preferable as many active ingredients (AIs), specifically drug AIs, are 
valuable or expensive. For agricultural purposes the encapsulation of oil can allow 
pesticides and herbicides to be transported through soil towards the root system. This 
protects the AI from leaching into the groundwater, which is undesirable due to the 
relative toxicity of many AIs and the oils used for their encapsulation. Typically a solid 
insecticide is dissolved into solvesso 200ND oil (and potentially alongside Xylene) in 
order to be encapsulated (structure of solvesso 200ND is reported in Chapter 1, Section 
1.2.6. and Figure 1.9.). The encapsulation of AIs and solvesso 200ND has been studied 
using interfacial polycondensation reactions (discussed below) and their methodology is 
reported in a number of patents.1-8 
4.2.2. Capsule wall formation around droplets  
There are many synthetic methods for microcapsule formation and each method 
has specific advantages and disadvantages over others depending on whether a solid, a 
liquid/oil or a gas is being encapsulated. The main methods for the encapsulation of a 
liquid or oil are shown in Figure 4.1.. Colloidosomes form when solid particles 
assemble at an interface followed by fusing of particles, the core can be an altered to 
suit the specific application e.g. an oil for agriculture.10-11 Polymer precipitation by 
phase separation includes both polymerisation induced phase separation and solvent 
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extraction and evaporation.10,12-19 Phase separation of polymer (via polymerisation or 
solvent removal) forces the polymer to move to the interface. Interfacial polymerisation 
includes polycondensation and coacervation between cationic and anionic molecules 
that react at the interface forming a shell polymer.10,12-13,15-28 Layer-by-layer assembly of 
anionic and cationic polyelectrolytes uses the addition of a single layer to a surface and 
then alternating the polymer layer until a shell is formed.1012-13,15,29-34 Polymer growth 
by surface polymerisation uses vinyl or other reactive groups to crosslink a surface layer 
to create a shell.10,13,15 Emulsification polymerisation is where droplets of oil are formed 
by emulsification and subsequent polymerisation at the interface leads to a shell.12-13,15-
16 Vesicles/polymersomes uses the self assembly of block copolymers to generate 
micellar type structures.10,15 Flow focusing/doublet emulsions forces droplets of oil into 
a narrow channel of a solvent followed by stability of the droplets or capsule wall 
formation.12-13 The above methods for capsule formation allow capsules of sizes 
between 0.02 µm and 1200 µm to be achieved depending on the specific system and 
application required.13 Choice of the technique can greatly influence the capsule 
produced e.g. capsule wall thickness, wall porosity, surface functionality. Reviews by 
authors Yow and Routh,9 Esser-Kahn et al,11 Ghosh12 and Jabbari19 go into great detail 
about how these techniques have been used in the past and discuss specific reagents, 
methodologies and the effects this has on the final capsules produced. They also discuss 
the advantages and disadvantages of the different approaches to encapsulation.  
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Figure 4.1. Visual representation of the different methods for encapsulation of liquid or oil. A) 
Colloidosomes, B) polymerisation induced phase separation, C) solvent extraction and evaporation, D) 
interfacial polymerisation, E) layer-by-layer assembly, F) surface polymerisation, G) emulsification 
polymerisation, H) vesicles/polymersomes, I) flow focusing/doublet emulsions formation. 
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4.2.3. Poly(urethane) and poly(urea) microcapsules 
Typically the encapsulation of oil for agricultural purpose is carried out using 
interfacial polymerisations or polycondensation reactions. Such chemical reactions 
produce poly(urethanes),17,21-25,35-38 poly(ureas),1-3,17-18,20,22,24,26-28,32,39 urea-
formaldehydes,4-5 poly(amides)17,24,40-41 or poly(esters).17,24 The mechanism for 
poly(urethane) and poly(urea) formation is shown in Scheme 4.1., technically these 
reactions are not condensation reactions because no small molecules are lost.24 
Poly(urea) and poly(urethane) techniques are the most commonly used by Syngenta UK 
for the encapsulation of pesticides and herbicides.  
 
Scheme 4.1. Scheme showing the chemical reaction between a di-isocyanate and a diol (left) or diamine 
(right) forming poly(urethane) or poly(urea) polymers respectively. R1 and R2 can be tailored using a 
range of commercial diols and diamines. 
 
Both poly(urea) and poly(urethane) methods lead to broader size distributions of 
capsules typically between 0.2-20 µm (the average capsule sizes are altered using 
homogenisation and sonication techniques). Poly(urea) and poly(urethane) capsules  
allow easy control over wall thickness, wall functionality, wall porosity, surface 
functionality and release mechanisms of the oil containing the dissolved AI. The 
capsules wall porosity can be tailored by alteration of the diisocyanate as well as the 
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diol and diamine crosslinkers. Surface functional groups can be incorporated by the 
addition of hydroxyl or amine molecules that can help with stabilisation of the capsules.  
4.2.4. Controlling droplet size and stability 
Many methods exist for the control of droplet sizes including stirring, hand shaking, 
microfluidics/flow focussing12-13,49 and homogenisation or sonication. These methods 
are used to generate mm to micron sized droplets where greater shear generates smaller 
droplet sizes. Sonication and membrane emulsification are typically reported for 
synthesising droplets with diameters in the nanosize range.42-43 However, nearly all of 
these methods give broad size distributions. Membrane emulsification and microfluidic 
devices can give very monodisperse droplet sizes of 200-400 nm and 5.0 µm to 
millimetres respectively. Recently Malloggi et al reported achieving droplet sizes of 
1.0-3.0 μm using a microfluidic device.43 Droplet sizes can be altered using varying 
power of homogenisation (low or high shear homogenisation and low and high 
amplitude sonication), changing pore sizes for membrane emulsification, altered flow 
rates and viscosities for microfluidics and the employment of surfactants.  
4.2.5. Triggered release of an active ingredient 
The release of an encapsulated AI is of great interest for agriculture. Controlling 
where and how the AI is released is very important as ideally the AI should reach the 
plant roots (discussed in Chapter 1). Reviews by Esser-Khan4 and others23,26,29 
provided insight into triggered release mechanisms that involve the use of biological 
(enzyme and receptor), chemical (pH, ionic, solvent and electrochemical) and physical 
(photo, thermal, electrical and magnetic) approaches. The two main release profiles of 
an AI from capsules are burst release (released in one go) and controlled release (release 
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over time by absorption/diffusion through the capsule wall).1f The release can be 
tailored to be between the above situations. Release of the active ingredient is altered by 
wall thickness, wall polymer composition and degradability, wall porosity and structural 
wall weak links. 
4.2.6. Interfacial nucleophilic thiol-Michael addition chemistry for 
encapsulation of solvesso 200ND 
In this chapter we aimed to use interfacial polymerisation to encapsulate 
solvesso 200ND under milder conditions than required for polyurethane and polyurea 
reactions. We wanted to synthesise capsules with monodisperse sizes if possible and 
control over capsule sizes where ideally 200-500 nm capsules would be ideal. We 
decided to try out the thiol-Michael nucleophilic addition reaction from Chapter 3 
where a polymer network could form at the oil-water interface using an amine catalyst 
under ambient conditions. Large microcapsules on the submillimetre lengthscale were 
prepared using a microfluidic device for emulsion droplet generation. Smaller 
microcapsules were prepared using a more standardised homogenisation approach. 
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4.3. Experimental 
4.3.1. Materials 
All chemicals were used as supplied. Penta-erythritol penta-/hexa- acrylate, 
penta-erythritol tetrakis(3-mercaptopropionate), isobutylamine (99%), hexylamine 
(99.5%), and tri-ethyl amine and were also purchased from Sigma Aldrich. Solvesso 
200ND was supplied courtesy of Syngenta (originally from ExxonMobil). The 
surfactants poly(vinyl alcohol) (Mw 85000-124000, 87-89% hydrolysed) was purchased 
from Sigma Aldrich, gohsenol GL05 was from Nippon-Gohsei (86.5-89.0% 
hydrolysed), lomar D (also known as agnique NSC 11NP) was from GEO speciality 
chemicals and tergitol XD (Mw 2990) was from the DOW chemical company and were 
all used as received. 
4.3.2. Equipment 
All standard glassware was supplied by Fisher Scientific (beakers, vials etc). 
The microfluidic device was developed and operated by Dr Gabit Nurumbetov where 
the fluid flow rates were controlled using PHD2000 Harvard apparatus precision pumps. 
Glass capillaries (from Harvard Apparatus) used had inner diameter 1.62 mm and outer 
diameter 3.0 mm or inner diameter 0.58 mm and outer diameter 1.0 mm. Glass 
capillaries were altered using a diamond scribe, a mini drill kit (Farnell UK) and a P-
2000 Laser Capillary Puller (Sutter Instruments). Tubing used for microfluidic 
connectors was Transparent FLEXR tubing with internal diameter 1/32” and external 
diameter 3/32” (from Cole-Parmer). Homogenisation was done using a Heidolph Silent 
crusher M. Optical micrographs were taken using a Leica DM2500 microscope and 
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attached Nikon® D5100 DSLR camera. All measurements on micrographs were 
performed using ImageJ software (see Chapter 2. Section 2.3.6.3.). 
4.3.3. Microfluidic device fabrication 
The borosilicate glass capillary used for the main channel of the microfluidic 
device was narrowed by heating and pulling using a P-2000 laser capillary puller. A 
bent 32 gauge needle (inner diameter 0.108 mm) was inserted into a cut short capillary 
tube and epoxy glue was used to fix them together (Figure 4.2-B.). The other end of the 
bent needle was inserted into the narrowed main channel section (this focused the 
dispersed phase and decreased the droplet sizes). This component was then attached to a 
glass slide (Figure 4.2-C.). The dispersed phase component was then glued to another 
glass capillary tube in order to produce a co-flow device as shown in Figure 4.2-D.. The 
microfluidic device was connected to the syringe pumps using flexible PVC tubing and 
the final device is shown in Figure 4.4.. 
 
Figure 4.2. Schematic representation of the fabrication of simple microfluidic devices. A) materials 
required for fabrication of a microfluidic device, B) the short capillary is cut and the bend needle is glued 
into one end using epoxy glue, C) the other needle end is then inserted into the main narrowed capillary 
main channel, D) the other piece of short capillary is then added to the end of the main channel and 
connected with epoxy glue. 
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4.3.4. Microfluidic capsule approach 
The above mentioned fabricated co-flow device was used (device shown in 
Figure 4.4.) where flow rates were 0.2 ml/min for the inner oil phase and 0.115 ml/min 
for the outer aqueous phase (according to the pump feed rates). These flow rates were 
found by a trial and error method until stable droplets were produced. The thiol-Michael 
reagents, 1.01 g penta-erythritol penta-/hexa- acrylate and 1.29 g penta-erythritol tetra-
kis(3-mercaptopropionate), were dissolved into 10.0 ml solvesso 200ND oil (sonic bath 
aided the dissolution of the penta-/hexa- acrylate monomer). The oil phase was fed into 
the outer aqueous phase (with or without poly(vinyl alcohol) surfactant) at the rates 
specified above. The droplets that formed were dropped into a aqueous solution with 
isobutylamine catalyst (used in slight excess so that fast thiol-Michael network 
formation could occur). Instantaneous capsules formed upon addition to the amine 
catalyst whereby the large capsules sank to the bottom of the vial (shown later in Figure 
4.6.). The capsules were easily washed by removal of the water followed by addition of 
water and then repeated. The exact amounts used for the synthesis of microfluidic 
capsules are reported in Table 4.1.. 
Table 4.1. Reagents required for the synthesis of microcapsules using a microfluidic 
approach. 
Sample Acrylate (g) Thiol (g) 
Solvesso 
200ND (g) 
PVA 
PVA capsules 1.01 1.29 10 1.0 wt% in H2O 
No surfactant capsules 1.01 1.29 10 - 
Molar ratio of acrylate to thiol was calculated using average ratios of 1.25 and 1.5 
(assuming 50% penta- and 50% hexa- acrylate monomer). Flow rates were 0.2 ml/min 
inner solvesso 200ND phase and 0.115ml/min outer aqueous phase (according to the 
syringe pumps) 
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4.3.5. Homogenisation capsule approach 
4.3.5.1. Gohsenol, lomar D and tergitol XD stabilised capsules 
Penta-erythritol penta-/hexa- acrylate (1.23 g) and penta-erythritol tetra-kis(3-
mercaptopropionate) (1.02 g) were both dissolved into the solvesso 200ND oil phase 
(12.75 g) using a sonic bath was used to aide the dissolution of the penta-/hexa acrylate 
monomer. A 100 ml beaker containing an aqueous solution of either gohsenol GL05 or 
lomar D and tergitol XD surfactant (exact amounts used are reported in Table 4.2. with 
a total amount of 50 g) was emulsified and the organic phase was added drop wise. The 
two phases were pre-mixed using a stirrer bar and then further homogenised at 3500 
rpm for one minute (low shear) followed by 8100 rpm for two minutes (high shear) to 
decrease the droplet size (droplet sizes were checked under a microscope). The 
homogenised sample was transferred to a glass jar (containing a stirrer bar) and under 
stirring two drops of n-butylamine was added to allow the thiol-Michael addition 
reaction to occur. The capsules were monitored under a light microscope by adding a 
droplet of the capsules to a microscope slide. 
Table 4.2. Reagents required for the synthesis of microcapsules using a 
homogenisation approach. 
Sample 
Acrylate 
(g) 
Thiol (g) 
Solvesso 
200ND (g) 
Gohsenol 
(g) 
Lomar D 
(+tergitol XD) 
(g) 
H2O 
(g) 
Gohsenol 
capsules 
1.25 1.04 12.6 
8.33 (15 
w/w) 
- 26.7 
Lomar D 
capsules 
1.24 1.04 12.7 - 
12.5 (+1.25 g 
20 w/w) 
21.3 
Molar ratio of acrylate to thiol was calculated using average ratios of 1.25 and 1.5 
(assuming 50% penta- and 50% hexa- acrylate monomer). Lomar D was combined 
with tergitol XD (a non-ionic alkyl EO/PO copolymer). Total emulsion mass was 50 g. 
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4.4. Results and discussion 
4.4.1. Thiol-Michael addition reaction overview and applicability 
for capsules 
In Chapter 3 (Section 3.4.11.) we reported the kinetics, versatility and 
applications of the thiol-Michael click reaction by various authors. This reaction has 
applicability using a range of functional thiols and olefins with mono-, di-, tri-, tetra- 
and multi- functionalities. We also discussed the use of amines as nucleophilic catalysts. 
The results showed that the thiol-Michael addition reaction using primary amine 
catalysts is very rapid and can occur in seconds to minutes depending on the choice of 
thiol, olefin and the amine being used. The reports show that using nucleophilic 
catalysts then side reactions can be minimised (refer to Chapter 3 for references). This 
reaction between a thiol and an olefin is the basis for our proposed methodology (see 
Scheme 3.1. in Chapter 3 for the nucleophilic thiol-Michael addition reaction 
mechanism). Using this method we can achieve almost instantaneous reaction between 
the thiol and olefin to produce a polymer. By using multi- functional thiol and olefin we 
aimed to try and create a highly networked polymer that could build up a shell at an 
interface of two immiscible liquids (water and solvesso). The advantages for 
nucleophilic thiol-Michael addition being that water can be the solvent under ambient 
conditions and using low concentrations of catalyst. 
4.4.2. Poly(urethane), poly(urea) and the encapsulation of solvesso 200ND 
We discussed in the introduction that typically interfacial polymerisation or 
polycondensation reactions are usually employed to produce capsules for agricultural 
purposes with the most common being poly(urethane) and poly(urea) (Scheme 4.1. on 
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Page 140). These methods typically require raised temperatures (40-80oC),20,22-23,27-
28,32,36,38-39 homogenisation to control droplet sizes and distributions and multiple 
solvents to afford a capsule wall (the solvent evaporation technique requires vast 
quantities of acetone when scaled up). One requirement for agricultural capsules is that 
they must have a chemically robust wall to maintain the encapsulation of the AI. The AI 
under interest (Abamectin) needs dissolution into organic oils such as solvesso 
(produced by ExxonMobil Chemical) or xylenes.7,26,32 Solvesso typically consists of 99 
wt% of C10-14 aromatic compounds and < 1 wt% of various alkylnapthalene compounds. 
Chemical compounds include tetra-methyl benzene, undecyl benzene, dodecyl benzene, 
tetra- hydronapthalene, di-dodecyl benzene, octyl- benzene, naphthalene, 
methylnaphthalene, ethylnapthalene, isopropyl napthalenes, di-iso-propyl napthalenes 
and dimethylnapthalene (see Chapter 1, Section 1.2.6. and Figure 1.9. for solvesso 
200ND chemical structures).7-8 Solvesso 200ND is regarded as toxic to the environment 
and aquatic organisms which is why targeted delivery and controlled release is essential 
to prevent leeching into the groundwater. 
4.4.3. Thiol-Michael addition polymer network test reaction 
Most reported polymer networks synthesised using the thiol-Michael addition 
reaction reported photopolymerisation methods to initiate the “click” reaction. Zhou et 
al published the results of the photopolymerisation of a range of multifunctional thiols 
and acrylates and reported that conversion was higher as the functionality of both thiol 
and ene increased.44 Using tetra- or hexa- functional acrylates and thiols led to a greater 
thiol-Michael addition bond formation (greater degree of crosslinking) and increased the 
Tg values of the polymer network. Connal et al reported the synthesis of thiol-Michael 
addition capsules utilising the layer-by-layer technique whereby alternating layers of 
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poly(vinylpyrollidone) and poly(methylmethacrylate) functionalised with thiol or ene 
end groups were hydrogen bonded around silica particles.32 Initiation of the thiol-ene 
reaction using UV light and subsequent removal of the core followed by dissolution of 
the poly(vinylpyrollidone)  layers caused capsules to form with a 
poly(methylmethacrylate) network shell. 
In order to test out the thiol-Michael addition reaction for the formation of a 
polymer network or film using nucleophilic initiation we first carried out a test reaction. 
We dissolved both the penta-erythritol penta-/hexa- acrylate (referred to as 3.6) and 
penta-erythritol tetra-kis (2-mercaptopropionate) (referred to as 3.9) in solvesso 200ND 
(structures of 3.6 and 3.9 are shown in Chapter 3 Figure 3.20. and Figure 3.27 
respectively). We choose monomers 3.6 and 3.9 as they were both the most 
multifunctional thiol and acrylate and should provide a dense crosslinked polymer 
network as reported by Zhou et al.44 The addition of water to the system caused the 
solvesso 200ND phase to float due to the lower density (0.984g/cm-3). After 
equilibration of the two phases a droplet of hexylamine catalyst was added to initiate the 
reaction between 3.6 and 3.9 where a polymer skin formed between the two phases that 
was soft and elastic. This initial test gave good reason to believe that we could 
synthesise capsules using this reaction. The predicted reaction scheme between our 
monomers 3.6 and 3.9 is shown in Scheme 4.2. portraying the reaction of the amine 
catalyst with the acrylate to yield a thiolate anion. This thiolate anion them reacts with 
the acrylate monomer to create the thiol-Michael addition reaction and produces a 
further thiolate anion to continue the reaction. Our designed reaction between the multi-
functional acrylate and multi-functional thiol is represented in Figure 4.3. for the 
formation of a thiol-Michael network at an interface. 
Chapter 4 – Interfacial thiol-Michael addition capsules 
162 
 
 
Scheme 4.2. Thiol-Michael reaction scheme for tetra thiol and penta-/hexa- acrylate. Top scheme, amine 
reaction with acrylate monomer followed by hydrogen abstraction from the thiol to yield a thiolate anion. 
Bottom scheme, reaction of thiolate with acrylate monomer followed by hydrogen abstraction to yield the 
thiol-Michael addition product and a new thiolate anion. 
4.4.3.1. Choice of nucleophilic amine initiator 
Due to the promising reaction in the previous test experiment we tried a similar 
test but this time trying to create capsules instead of a polymer skin. We hand shook a 
vial containing solvesso 200ND (containing dissolved 3.6 and 3.9) and water and stirred 
the sample using a stirrer bar and stirrer plate. This method of hand shaking and stirring 
produced oil-in-water (O/W) droplets of 2-3 mm in size. To initiate the thiol-Michael 
addition reaction wetried three different catalysts (isobutylamine, hexyl-amine and tri-
ethylamine) whose structures are shown in Figure 4.4.. The tri-ethylamine catalyst 
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caused crosslinking of the system and was removed from subsequent reactions. The 
hexyl-amine and isobutylamine catalysts led to large stable capsules that were visible 
with the naked eye due to their size. Both primary amines worked effectively but we 
choose isobutylamine because shorter chained amines catalyse the thiol-Michael 
addition reaction faster and also have greater water solubility (see Chapter 3 Section 
3.4.5. for references on nucleophilic thiol-Michael addition reactions using amines). For 
agricultural applications capsules of 2-3 mm are not very sufficient especially when the 
pore sizes of soil are much smaller (mm to micron sized depending on soil types). We 
aimed to reduce the sizes of the capsules and first tried synthesis of polymer network 
stabilised capsules using a microfluidic approach. 
 
Figure 4.3. Representation of the formation of a thiol-Michael addition polymer network at an interface. 
Reaction between penta-/hexa- acrylate and tetra-thiol at an interface (top), formation of a polymer 
network (bottom left) and the polymer network forming at an interface to create a capsule wall (bottom 
right). 
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Figure 4.4. Chemical structures for the various amine catalysts, isobutylamine (left), hexyl-amine 
(middle) and tri-ethyl amine (right). 
4.4.4. Microfluidic thiol-Michael addition capsule approach 
In the Experimental Section 4.3.3., we described the fabrication of a single 
emulsion microfluidic device (see Figure 4.5. for the device and set up and Section 
4.3.4. for pump flow rates). This device was supplied courtesy of Dr Gabit Nurumbetov 
who both fabricated the device and helped with finding the required flow rates to 
achieve stable droplet formation. Figure 4.5. shows the use of 2 pumps to control the 
dispersed and continuous phases into the microfluidic device. The co-flow device 
shown on the right of Figure 4.5. shows the formation of droplets as the dispersed 
phase is pushed into the continuous phase and the surfactant stabilised droplets exit the 
channel at the bottom of the picture. Droplets formation occurs due to the interfacial 
tension seeking to reduce the interfacial area of the droplets.  
Recently Prasath et al have reported a similar methodology of thiol-Michael 
addition reaction in microfluidics where firstly an O/W droplet was formed using a 
microfluidic device.45 A tetra- functional thiol and a di- or tri- functional acrylate were 
mixed with photoinitiator 2,2-di-methoxy-2-phenylacetophenone (DMPA) for the 
reagent phase and light mineral oil or water for the continuous phase. Initiation using 
UV irradiation allowed a thiol-Michael addition polymer network to form. This created 
thiol-Michael addition polymer beads of 200-500 µm in size (UV can penetrate the 
entire droplet which is why beads were synthesised). The use of mineral oil as the 
continuous phase led to non-porous polymer beads and using porogen in the aqueous 
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phase led to porous beads. We aimed to create capsules instead of beads and for this 
reason we chose nucleophilic catalytic initiation for the thiol-Michael addition reaction 
to ensure that the reaction would occur at the droplet surface upon contact with the 
water soluble amine. 
 
Figure 4.5. Camera image showing set up of the single emulsion microfluidic device using two Harvard 
syringe pumps to control the outer and inner phase flow rates (left) and an enlargement of the droplet 
formation zone (right). Scale bars are 25 mm for the left and 5 mm for the right. 
4.4.4.1. Surfactant stabilised capsules via nucleophilic thiol-Michael addition 
reaction 
The first synthesised capsules tried using the microfluidic device used surfactant 
to control the droplet stability. Typically colloid stabilisers are required to produce 
stable capsules where surfactants exist with anionic, cationic, zwitterionic and non-ionic 
nature.47 Surfactants provide steric or electrostatic repulsion to prevent coagulation of 
droplets and they reduce the surface tension between two phases. Surfactants enable 
droplets to form that do not coalesce over time caused by collisions. “Bancrofts’ rule” 
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states that the phase that the surfactant is more soluble in will become the continuous 
phase.46 This rule ties in with the rule proposed by Griffin47-48 and later Davies50 who 
used a scale to measure the balance between the two phases based on the proportion of 
hydrophilic to hydrophobic potions. This scale is called the hydrophilic-lipophilic 
balance (HLB) and typically ranges from 1-20 where values 3-6 produce stable W/O 
emulsions and values 8-18 produce O/W emulsions.19,48-49 
The first surfactant we tried for capsule formulation was poly(vinyl alcohol) 
(referred to as 4.1, structure shown in Figure 4.6.) of molecular weight 85000-124000 
with 87-89% hydrolysed. The unhydrolysed 4.1 will exist as poly(vinyl acetate) as 
shown in Figure 4.6.. Surfactant 4.1 is a commonly used stabiliser in both microfluidics 
and emulsion formulations for generating robust droplets. Again the monomers 3.6 and 
3.9 were both dissolved into the solvesso 200ND to be used as the inner phase (molar 
ratio of 3.6 to 3.9 was 1:1.5). The exact masses of 3.6 and 3.9 are reported in Table 4.1. 
in Section 4.3.4. and synthesis is reported in experimental Section 4.3.4.. When the 
required flow rates had been found for producing stable spherical droplets (0.2 ml/min 
for inner phase and 0.115 ml/min for outer phase) the O/W droplets that formed 
dropped into an aqueous isobutylamine solution to cause the thiol-Michael addition 
reaction to occur and form a capsule wall. The actual flow rates for the dispersed and 
continuous phases might differe from the values on the pumps. 
 
Figure 4.6. Structure of poly(vinyl alcohol), hydrolysed poly(vinyl alcohol) is shown on the left and 
unhydrolysed poly(vinyl acetate) on the right. 
As soon as the produced droplets hit the water they instantly formed a capsule 
wall around the solvesso droplets. The capsules sedimented to the bottom of the glass 
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vial as shown in Figure 4.7.. Polymer formation has a higher density than water and for 
this reason the capsules sunk even when the oil being encapsulated is less dense than the 
aqueous phase.  
 
Figure 4.7. Formation of O/W capsules as they hit a basic isobutylamine aqueous solution. O/W capsules 
used solvesso 200ND containing penta-erythritol penta-/hexa- acrylate and penta-erythritol tetra-kis (2-
mercaptopropionate) as the inner phase and water containing poly(vinyl alcohol) surfactant solution as the 
outer phase. Scale bars is 10 mm. 
In 2012 Patil reviewed the thiol-ene and thiol-Michael addition reaction between 
various multi-functional thiols and acrylates and showed that under solvent free 
conditions many can polymerise in fast times. It has been reported that thiol propionates 
are the most reactive of thiol compounds and offer less sensitivity towards oxygen than 
other thiols.51-52 Patil reported that the monomer reaction between 3.6 and 3.9 occurred 
in 20 minutes at room temperature with no catalysts or solvent and the polymer formed 
was transparent and elastic. They also reported that the hardness of the polymer network 
was dependant on the functionality of the thiol and acrylate being used where more 
functionality increases the crosslinking density. 
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The capusles were allowed to dry out on a microslope slide while being 
monitored using a light microscope with a 20x magnification lens. The capsules were 
monitored at regular intervals to observe changes during water removal. The capsules 
did not break down when the water was removed which meant that the wall thickness 
was thick enough to maintain the structure of the capsule and prevent rupture or 
bursting. The light microscope images for the capsules synthesised are shown in Figure 
4.8.. The capsules shown in Figure 4.8-A. stuck together when they were dried as the 
capsule walls fused with the walls of the neighbouring capsules. We believe that the 
polymerisation between the tetra-thiol and tetra-acrylate leaves many unreacted thiol 
and vinyl groups. When the capsules come into contact with each other due to the 
removal of water the free thiol and vinyl groups are still able to react which causes 
crosslinking between capsules. Figure 4.8-B. shows the capsules using the reflectance 
mode where the light source is from above the sample rather than below it allowing the 
surface to be more clearly visible. The capsules appear to have an irregular surface 
where dips and ridges are visible and this is likely caused by more polymer formation in 
some areas and less polymer formation in other areas. Once the thiol-Michael addition 
capsule wall forms the crosslinked polymer network might inhibit diffusion of further 
monomer to the interface. As the catalyst is water soluble then the polymer that forms 
once the droplets hit the water might not grow over time compared to bulk studies of the 
thiol-Michael network formation. When we study Figure 4.8-A. and Figure 4.8-B. we 
notice that the capsules appear to have different diameters when we study the scale bars. 
The reason for this is likely due to the reflectance image of the microcapsules only 
showing the top part of the capsule that is sticking out of the water. This would explain 
why the capsules appear buckled under reflectance mode and why they looked dry 
(shown later in Figure 4.10-B. and Figure 4.10-C.). 
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Figure 4.8. Light microscope image using a Leica DM2500 microscope A) poly(vinyl alcohol) stabilised 
capsules stabilised with 20x magnification lens under normal illumination mode, B) capsule viewed under 
reflectance mode. All scale bars are 500 µm.  
Unfortunately we could not do SEM analysis as the solvesso 200ND is not 
allowed under the SEM microscope due to the volatility. The capsules synthesised using 
this method had average sizes of 1040 µm in size (s.d. 8.9 µm) with a CV of 0.86%. (as 
measured using ImageJ, discussed in Chapter 2 Experimental Section 2.3.6.3.). The 
capsule dispersity is very monodisperse and this is due to the rates selected for the flow 
of the dispersed and continuous phases. Our flow rates caused a dripping mechanism for 
droplet formation, which typically favours monodisperse droplet sizes whereas a jetting 
scheme of droplet formation can lead to broad droplet sizes.53 Unfortunteately this 
capsule size is not sufficient for agricultural delivery applications and being able to 
synthesise smaller capsules would be preferable. 
4.4.4.2. Surfactant-free capsules via nucleophilic thiol-Michael addition 
reaction 
The same method was used as reported in Section 4.4.3.1. for the synthesis of 
thiol-Michael addition capsules only this time the aqueous phase contained no 
surfactants. Surfactants that are physically bound to the surface of particles or capsules 
are typically hard to remove and synthesis without surfactants allows a cleaner surface 
B A 
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of the capsules (surfactants often give a surface charge which can affect the applications 
for plant delivery). Robust capsules were synthesised that were visible under no 
magnification as shown in Figure 4.9.. The capsules produced using surfactant free 
conditions exhibited a slight orange hue (from solvesso 200ND) as shown in Figure 
4.9. When we look at the capsules synthesised with or without the presence of surfactant 
4.1 we notice that without surfactant leads to capsules with a slight orange hue whereas 
the surfactant stabilised capsules show a transparent white colour. The reason for this 
colour difference is caused by the surfactant 4.1. The 4.1 can cause microphase 
separation of the wall which can lead to enhanced scattering and thus gives a white 
haze. 
When the capsules were dried no apparent degradation was observed and no oil 
release was visualised (capsule release is easy to visualise under the microscope due to 
the orange colour of the solvesso 200ND). The Light microscope images of the capsules 
synthesised without the use of surfactants are shown in Figure 4.10.. ImageJ analysis of 
the light microscope images gave capsule sizes of 548 µm (s.d. 8.8 µm) with a CV of 
1.61%. The capsules stuck together once dried exactly the same as the surfactant 
stabilised capsules from the previous section. The reflectance mode of the light 
microscope again showed a rough surface with much deformation (Figure 4.10-B. and 
4.10-C.). This reason was discussed earlier where the sizes are smaller with a buckled 
surface due to the image only showing a small section of the capsule surface. From the 
image we can see the buckled surface and a pale white spherical region and this part is 
the actual capsule size. 
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Figure 4.9. Slight orange hue of the synthesised capsules using the microfluidic approach. O/W capsules 
used solvesso 200ND containing penta-erythritol penta-/hexa- acrylate and penta-erythritol tetra-kis (2-
mercaptopropionate) as the inner phase and water as the outer phase. Scale bar is 10 mm. 
 
Figure 4.10. Light microscope images using a Leica DM 2500 microscope, A) surfactant-free capsules 
with 20x magnification lens under normal illumination mode, B) capsules viewed using reflectance mode, 
C) a close up of a capsule shell using reflectance mode. All scale bars are 500 µm.  
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4.4.4.3. Comparison between poly(vinyl alcohol) stabilised capsules and soap-
free thiol-Michael capsules using microfluidics 
4.4.4.3.1. Effect of surfactant on droplet formation 
When we compared the two sets of capsules, surfactant free and 4.1 stabilised 
we notice that the capsules stabilised using surfactant produced capsules of nearly 
double the size of the capsules with no surfactant (1040 µm compared with 548 µm). 
When we view the flow rates we notice that the inner phase flow rate is much higher 
than the outer phase flow rate. In practise these flow rates on the pumps will be different 
due to the differences between the needle diameter for the inner phase (0.11 mm 
according to the Sigma Aldrich guide) and the capillary diameter of the outer phase 
(1.62 mm). The inner needle is so small that the actual flow rate will be much faster 
leading to larger Weber numbers and so larger droplets will form as the viscous forces 
from the outer phase are lower.53 Theoretical explanation would predict that the 
surfactant stabilised droplets should be smaller. However, the increased viscosity of the 
continuous phase in the dripping regime for droplet generation makes the droplets 
bigger. The latter is the dominant effect and so bigger droplets form when surfactant 4.1 
is used. 
When the outer phase contains surfactant the droplets are stabilised sterically 
and electrostatically (from the hydroxyl group and large molecular weight chains). This 
stabilisation of the droplets helps maintain these large 1040 µm droplets before capsule 
wall formation occurs. If we study the sample without the use of surfactants we can 
explain the smaller droplet sizes in terms of the surface tension forces. The surface 
tension between the inner and outer phases will be greater when no surfactant is 
employed. The higher surface tension leads to a decreased Weber number, We (the 
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equation for calculating Weber number is shown in Equation 4.1.) which would cause 
droplet break-off to occur earlier. As the droplets break-off sooner then they are smaller 
as less dispersed phase is forced into the droplet.53 
𝑾𝒆 =  
𝝆𝑽𝟐𝑫
𝝈
 Equation 4.1. 
  Where V is the fluid velocity, d is the hydynamic diameter of the channel and σ 
is the surface tension coefficient.49,53 
Another possible reason for the differences in the capsule sizes could be the wall 
formation rather than the droplet formation process. Upon addition of the surfactant-free 
droplets to the isobutylamine solution the capsule could shrink due to solvesso 200ND 
being released before the wall has time to form. When a surfactant is used it could 
prevent release of the solvesso 200ND which would explain the larger capsule sizes. 
Due to the instantaneous reaction for the thiol propionate with an acrylate the wall 
formation should occur in very fast reaction times so diffusion of the amine should not 
be important for this interfacial addition reaction.  
4.4.4.3.2. Wall structure of microcapsules 
When we studied the microfluidic capsules under the microscope we could 
clearly see the perfect packing of the capsules due to their monodisperse size (Figure 
4.8-A. and 4.10-A.). This is an advantage of generating capsules using a microfluidic 
device. The capsules were spherical in shape but the surface did have surface 
irregularities. When we study the reflectance mode microscope images we can visualise 
the capsule wall and the morphology of the capsule surface (Figures 4.8-B., 4.10-B. and 
4.10-C.). When we study the surface of the capsules we notice that the morphology is 
not completely smooth most likely due to the porous thiol-Michael network structure 
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that forms at the interface. The crosslinking process between 3.6 and 3.9 will likely 
have a random ordering and heterogeneities in the network due to steric hinderance 
leaving many unreacted thiol and acrylate groups. This leads to structural irregularities 
at the interface caused from some sections of the wall having a greater formation of 
polymer while other sections are constrained by the crosslinking mechanism and form 
less polymer network. When the dried out capsules were squashed using a needle (under 
the microscope) rupture did occur and orange solvesso 200ND was released. 
We can also estimate the wall thickness for the two synthesised capsules using 
the theoretical equations (Equations 4.2. and 4.3.) by making two assumptions. We will 
assume that all solvesso 200ND was encapsulated inside the droplets. We will also 
assume that the density of the polymer is 1.2 g/ml and that the thiol-Michael addition 
reaction achieved full conversion. By using Equation 4.2. and incorporating this into 
Equation 4.3. we can determine the value of R. We found the values of R for both 
capsules and the values were 32 µm for the 4.1 stabilised capsules and 16 µm for the 
surfactant-free capsules. These thicknesses are enough to maintain the stability of the 
capsule after drying. 
𝑽𝒅. 𝑵 = 𝑽𝒕 Equation 4.2. 
𝒎 =  𝝆. 𝑽𝒄. 𝑵 Equation 4.3. 
4.4.5. Homogenisation thiol-Michael addition capsule approach 
Clearly we have thus far been able to utilise the thiol-Michael addition reaction 
to synthesise capsules in the size range 500-1000 µm using a nucleophilic amine 
catalyst. The next overall aim was to try and decrease the capsule sizes to produce 
smaller microcapsules that are more applicable for our aims where nanocapsules would 
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be ideal. In literature, small capsule sizes are achieved using homogenisation 
emulsification techniques. Homogenisation is an important means for emulsification as 
the shear can be controlled (low or high shear). Increasing the shear forces can enable 
droplets of 500 nm to 20 µm to be produced (depending on the homogenisation speed 
and the employment of surfactants).  
We decided to test the thiol-Michael addition reaction using homogenisation 
emulsification as a means to synthesise capsules. The monomers 3.6 and 3.9 were 
dissolved into the solvesso 200ND oil and this phase was added to the aqueous phase 
under stirring. For the homogenised capsules we tried two different surfactant solutions 
which are both employed by Syngenta in synthesis of poly(urea) and poly(urethane) 
capsules. Gohsenol was the first (referred to as 4.2, a slightly different poly(vinyl 
alcohol) surfactant) and is shown in Figure 4.11.. The second system used a 
combination of lomar D (referred to as 4.3, a poly(naphthalene sulphonate) sodium salt 
condensate)45 with tergitol XD (referred to as 4.4, a non-ionic alkyl 
ethyleneoxide/propyleneoxide copolymer).55 These three surfactant structures are shown 
in Figure 4.11.. The solution of oil and aqueous phase was initially pre-emulsified 
followed by further homogenisation at 7100-8100 rpm for two minutes to decrease the 
droplet sizes to <20 µm as studied using light microscopy. The emulsion was kept 
stirring and the isobutylamine catalyst was added to initiate the reaction between the 
monomers 3.6 and 3.9. The exact procedure for the two different surfactant stabilised 
thiol-Michael addition capsules is discussed in Experimental Section 4.3.5.1. and 
quantities of reagents are reported in Table 4.2. (Section 4.3.5.1.). 
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Figure 4.11. Structures of surfactants, gohsenol GL-05 (left), lomar D (middle) and tergitol XD (right). 
The homogenised capsules were monitored using light microscopy using a 40x 
magnification lens to enable visualisation of the capsules (capsule sizes <1 µm are not 
visible using light microscopy). The capsules produced using surfactant 4.2 are shown 
in Figure 4.12. and the capsules using surfactants 4.3 and 4.4 are shown in Figures 
4.13.. The capsules synthesised using either surfactant solutions do not show any major 
differences. The sizes of the capsule and their stability towards drying were roughly 
equivalent as discussed next (average droplet sizes of the pre-emulsions were 7.35 µm 
(s.d. 3.5 µm) with a CV of 45.7% and 8.12 µm (s.d. 2.9 µm) with a CV of 47.7% ). 
These CV values are much greater in contrast to the microfluidic device technique. 
4.4.5.1. Using gohsenol poly(vinyl alcohol) surfactant 
If we study the samples synthesised using gohsenol as the surfactant we notice 
that the emulsion is stable when water is present and the capsules did not coalesce over 
time (Figure 4.12-A.). The average capsule sizes after approximately 1 hour 20 minutes 
of reaction time was 7.8 µm (s.d. 3.6 µm) with a CV of 45.8%. The sample was left to 
dry on a microscope slide where we noticed that the capsules clustered together and 
decreased in size as they moved towards the solvent drying front (shown in Figure 
4.12-B.). Once the capsules reached the drying front they had already began to 
breakdown. The capsules are less rigid or robust compared to the previously synthesised 
microfluidic capsules and wall buckling occured after the water is removed from the 
sample. The buckling is caused from evapouration of the solvesso 200ND from inside 
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the capsules and capillary underpressure due to the evapouration of water. The 
combination of these effects leads to rupture of the capsule wall. The capillary 
underpressure due to water evapouration is bigger for clusters of smaller capsules 
explaining while this effect did not occur for the microfluidic synthesised capsules. This 
wall degradation could be burst release of the solvesso 200ND or diffusion of the 
solvesso 200ND through the thiol-Michael addition polymer network causing the 
reduction of capsule sizes as observed. 
 
Figure 4.12. Light microscope images of the gohsenol stabilised capsules using a Leica DM 2500 
microscope with 40x magnification lens under normal illumination mode, A) wet emulsion, B) drying 
edge of the capsules. All scale bars 10 µm. 
4.4.4.2. Using lomar D poly(naphthalene sulphonate) surfactant with tergitol 
XD 
Again the wet emulsion appears the same as the capsules stabilised using 
gohsenol surfactant (Section 4.4.4.1.). The capsule average sizes was 7.4 µm (s.d. 3.2 
µm) with a CV of 46.7%. Lomar D is a colloid stabiliser and tergitol XD is used to 
lower the surface tension to enable easier droplet break-up. The capsules clustered 
together and decreased in size as the solvent was removed (Figure 4.13-B.). The 
capsules deformed once dry into hexagonal and polyhedral shapes (see Figure 4.13-C.) 
and eventually they coalesced and fully degraded. Once complete drying has occurred 
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all that remains are small polymer mass with sizes less than 2 µm (see Figure 4.13-D.). 
The time scale to disintegration of the capsules and solvesso 200ND release was not 
very long and was typically in the order of two minutes or less.  
 
Figure 4.13. Light microscope images of the lomar D and tergitol XD stabilised capsules using a Leica 
DM 2500 microscope with 40x magnification lens under normal illumination mode, A) wet emulsion, B) 
drying and clustering capsules near to the water front, C) merging of clustered capsules, D) complete 
capsule breakdown and remaining residue. All scale bars 10 µm. 
4.4.5.3. Failure of homogenised capsules using thiol-Michael 
addition reaction 
The capsules synthesised using homogenisation emulsification did not have 
enough stability towards drying like the millimetre sized capsules using microfluidics 
showed. Due to the failure to synthesise stable robust capsules in the size range 2-20 µm 
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then synthesising capsules smaller in diameter would not be achievable using this 
current methodology. The main reasons for the failure to create a robust capsule wall is 
likely due to the increased surface area of the system and capsule wall thicknesses. In 
the microfluidic approach the surface area per droplet was very large and the amount of 
monomer able to react per droplet would be generally high. With the homogenised 
approach the total amount of thiol and acrylate monomers per droplet would be much 
less due to the drastic increase in the surface area of the system. This could mean that 
incomplete coverage of the solvesso 200ND droplets occurred which would explain the 
ease of release of the dispersed phase. In order to try and synthesise more physically 
robust capsules we would need to increase the quantity of monomeric reagents in the 
reaction. Another possible solution would be to try the layer-by-layer approach of 
adding alternating reactants to try and build up the capsule wall layers. We tried to 
estimate the wall thickness for the homogenised capsules and for the capsule average 
size of 7.35 µm then the estimated wall thickness would be only 225 nm. This wall is 
much thinner when compared to the microfluidic capsules and rupture is likely caused 
by this wall thickness not being enough or the wall being to porous. 
Unfortunately capsules smaller than the above would have less stability towards 
drying due to the increase in internal pressure as the size decreases. This is shown in the 
Young-Laplace equation, Equation 4.2..49 
𝚫𝑷 =  
𝟐𝜸
𝑹
     Equation 4.2.49 
Where ΔP is the Laplace pressure, γ is the surface tension, and R is the radii of 
curvature.49 
This equation states that the internal pressure difference between the inside and 
outside of the droplet increases as the size decreases. So decreasing the droplet diameter 
Chapter 4 – Interfacial thiol-Michael addition capsules 
180 
from one micron to 100 nm would increase the pressure by a factor of ten. This is why 
surfactants are required for stabilising nano and micro emulsions as they reduce the 
pressure difference (lowering surface tension values and electrostatic or steric 
effects).50The formation of smaller droplets diameters woud also lead to an increased 
surface area which would mean more thiol-Michael addition polymer network would 
need to form and on such small sizes the polymer network would likely be too porous to 
be robust. Unfortunately this meant that our current experimental method using the 
thiol-Michael addition reaction could not synthesise smaller capsules and a different 
method would have to be used to strengthen the capsule wall.  The next stage to 
improving on this method would be to increase the thickness of the capsule walls and 
try to alter the porosity to reduce the loss of solvesso 200ND by diffusion and wall 
rupture. There is a chance that the formation of polymer for the capsules could be 
diffusion controlled. However, to follow whether the polymerisation reaction is 
diffusion controlled or not would require following capsule wall thickness as a function 
of time. This would not be very straightforward for this method and would be rather 
complex. 
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4.5. Conclusions 
In conclusion we describe the use of an interfacial isobutylamine catalysed thiol-
Michael addition reaction between pentaerythritol penta-/hexa- acrylate and 
pentaerythritol tetrakis (2-mercaptopropionate) to create capsules. The thiol-Michael 
addition reaction occurred in water where an elastic polymer network formed at the 
interface with solvesso 200ND oil as shown in the test reactions. The use of a 
microfluidic device allowed oil droplets to be generated of sizes 500 to 2000 µm 
leading. Poly(vinyl alcohol) stabilised and surfactant-free capsules were synthesised by 
the reaction of pentaerythritol penta-/hexa- acrylate with pentaerythritol tetrakis (2-
mercaptopropionate) when dropped into an isobutylamine aqueous solution. The 
capsules produced via the microfluidic approach were studied using light microscopy 
and did not show any signs of breakdown or release of solvesso 200ND before or after 
drying. However, the microfluidic capsules did adhere to each other when they became 
dry could not be redispersed into water.  
The interfacial thiol-Michael addition reaction capsules were scaled using 
homogenisation emulsification enabling droplet sizes of 2-9 µm. These microcapsules 
showed excellent stability when hydrated but lacked stability once dried and full 
degradation of the capsules was observed after only 1-2 minutes. We have shown that 
there is potential for the thiol-Michael addition reaction to allow efficient capsule 
synthesis but more research is needed until tailored nanocapsules can be synthesised.  
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Studies on what move through soil, what bind to plants and how active 
ingredients are delivered to roots has been of widespread interest for Agricultural 
applications. Due to large inconsistencies between soils types, soil porosity and plant 
systems and size designing particles and capsules that can be used for targeted delivery 
is a challenge for chemists. The purpose of this work was to synthesise and tailor 
colloidal particles and capsules for the purposes of 1) mobility through soil, 2) adhesion 
to roots, 3) targeted delivery of microcapsules. For these aims we designed three 
specific methods of synthesis that could achieve this aim: to synthesise colloidal 
particles with a great degree of anionic surface groups to provide mobility through soil 
and stability towards electrolytes where for this thesis the sulphonate group was chosen. 
To synthesise colloidal particles with adhesive properties that could be functionalised to 
target root systems. To encapsulate solvesso oil for delivery of an active ingredient  
In Chapter 2 we reported the synthesis and limitations of sulfonated colloidal 
poly(styrene) particles in the size range 100-200 nm using soap-free emulsion 
polymerisation with sodium 4-vinylbenzenesulphonate. We studied the protection of 
sodium 4-vinylbenzenesulphonate monomer using both neopentyl and ethyl functional 
groups and discuss the deprotection temperatures required for cleavage as well as the 
limitations both monomers exhibit. Using ethyl 4-vinylbenzenesulphonate over sodium 
4-vinylbenzenesulphonate allowed an increase of the monomer loading capacity inside 
polymer particles. Monodisperse particles synthesised were visualised and characterised 
by electron microscopy and light scattering and the loading of protected monomer was 
reported up to 50 wt% as shown using thermal gravimetric analysis. Deprotection of the 
protected monomer particles was carried out using thermolysis and further thermal 
analysis led to the report that further cleavage of the ethyl group no longer occurred 
meaning that the thermolysis caused full deprotection. 
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Chapter 3 described the synthesis of both hydrophobic, and hydrophilic, 
poly(styrene) and hydrophilic poly(methylmethacrylate) and poly(ethylmethacrylate) 
seed particles using soap-free emulsion polymerisation. Seed particles sizes were 
tailored by the addition of ionic comonomers. By feeding di-, tri-, and penta-/hexa- 
functional acrylate crosslinking monomers onto seed latex, nanogel decorated 
raspberry-like and core-shell type particles with a greater surface area were produced. 
The results showed that hydrophilic acrylic seeds led to a much greater coating 
percentage of nanogel particles than the hydrophobic seeds. We showed that the 
hydrophobicity of poly(styrene) seeds can be tailored to make them more hydrophilic 
increasing the surface coverage of nanogel particles. Seed diameter also played a role in 
the number of deposited particles onto the seed surface where larger seeds 
accommodated more decorating particles. Di- functional acrylate crosslinkers led to 
raspberry-like decorated structures but the morphology changed to core-shell type when 
the functionality was increased to tri- and penta-/hexa- acrylates. Surface functionality 
was analysed using spectroscopic methods where Raman microscopy was used to show 
the presence of pendant vinyl functionality for the tri- and penta-/hexa- nanogel 
decorated poly(ethylmethacrylate) latex particles. Raman microscopy after a 
nucleophilic thiol-ene click reaction led to a decrease in the vinyl group percentages. 
In Chapter 4 we described the fabrication of a simple microfluidic device for 
producing solvesso in water droplets using PVA surfactant and surfactant-free 
conditions. By utilising an interfacial nucleophilic thiol-ene click reaction we 
synthesised capsules of 1.1 µm and 0.55 µm capsules using PVA stabilised and 
surfactant-free respectively. Capsules were studied using light microscopy where the 
dry down properties of the capsules were studied and release of the oil was prevented on 
this size scale. No oil release was observed after drying when measured for days. 
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Capsule sizes were decreased using high shear homogenisation which synthesised 
capsules in the size range 1-10 microns. The capsules only showed dry down stability 
for minutes when dried down and the oil was released which was not preferable for our 
aims. 
5.1. Future work 
Further characterisation of the sulphonated particles using elemental analysis 
would be carried out. To test the possibility of a 100% loading of ethyl 4-
vinylbenzenesulphonate inside particles followed by further studies on the deprotection 
and characterisation. Electron microscopy would be used to monitor the surface effects 
after deprotection and FT-IR TGA could monitor the release of chemicals during the 
deprotection to prove whether the protecting group is released. The particles would also 
be used to study colloid mobility in soil columns using both real soil and using silica 
particles of varying sizes. An increase in colloid mobility would be expected once the 
particles were deprotected due to the presence of sulphonate groups. 
To further study the effects of particle size on the absorption and spreading of 
crosslinked nanogel particles onto the surface. Synthesising a range of seed particles of 
the same polymer with different sizes would enable to study the seed size effects. Also 
by testing out different rates of crosslinking monomer addition and different 
temperatures we would aim to find the requirement for synthesising coree-shell particles 
with a high degree of pendant vinyl groups for reacting. To further study the effects of 
thiol-Michael addition reaction and prove whether the reaction was a success or not. To 
tailor the functionality with a range of thiols and study the spatial charge density of 
vinyl groups that have reacted. Study of the adhesive properties of the particles on 
model surfaces such as silica, quartz or glass (representing idealised soil) and cellulose 
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(representating plant roots). To functionalise nanogel decorated particles with various 
surface charge groups to study the effects of multiple surface charges on mobility of 
colloids as well as functionalised systems involving zwitterionic charges. 
To further study the formation of capsule walls using the interfacial thiol-
Michael addition reaction. Using both electron microscopy and NMR we could study 
the surface and wall thickness quantify the degree of polymerisation of the shell. To 
study the addition and effects of multi functionality acrylate and thiols acting as linkers 
and altering the surface porosity. This could enable the homogenised capsules to be 
more stable towards drying if the wall was made more rigid or the porosity decreased. 
This could enable smaller capsule sizes to be achieved with a primary aim of nanosized 
capsules. To study post thiol-Michael addition functionalisation of microcapsules 
whereby either layer-by-layer technology could be used to build up thicker walls or post 
functionalisation using charged thiols or enes could synthesise charged polymeric 
capsules.  
